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Two-dimensional carbon materials including single and few layer graphene 
sheets are promising for spintronic applications due to their peculiar electronic 
properties, including small spin-orbit coupling, high carrier mobility, and ease with 
carrier type and conductivity control through electric gating. As carbon itself is usually 
non-magnetic, one of the prerequisites for realizing carbon-based spintronics is the 
establishment of high-efficient spin-injection techniques for injecting from spin 
polarized sources into carbon. Both theoretical and experimental studies have shown 
that spin-injection efficiency between magnetic metal and graphene is limited by the 
conductivity mismatch, as is with the case of metal-semiconductor contact. Although 
the spin injection efficiency can be boosted significantly by inserting an insulating 
barrier between metal and graphene, the high-contact resistance may pose problems 
eventually in high-frequency and low power applications. In this context, the possibility 
of forming a high spin injection efficiency contact with a moderate contact resistance 
is explored in this work.  
We investigated the contact formed in a Co (or NiFe)/Cu/graphene structure. The 
Cu interfacial layer was introduced based on the consideration that Co (or NiFe)/Cu 
interface is the most widely studied and representative interface for metal-based 
spintronic devices and at the same time the atomic bonding between Cu and graphene 
is weak. Lateral spin-vale type of devices were fabricated on mechanically exfoliated 
few-layer graphene and their magnetotransport properties were characterized using 
vii 
 
both local and non-local magnetoresistance measurements at variable temperatures. 
 A moderate barrier height of 33 - 45 meV was found at the Cu/graphene interface. 
A clear enhancement of spin-injection efficiency was demonstrated as compared to 
other graphene based spin valve devices incorporating transparent contacts in literature. 
The spin injection efficiency is able to reach values comparable to devices with low 
impedance tunnel barriers. On the other hand, the contact resistance remains orders of 
magnitude lower than tunnel contacts. Besides non-local magnetoresistance signals, a 
magnetoresistance peak is observed around zero magnetic field in the 
NiFe/Cu/graphene trilayer structure. A possible origin of this signal is discussed 
invoking Rashba spin splitting. 
Besides being employed as a non-magnetic channel material for spintronic 
applications, graphene can be made magnetic through edge engineering. Theoretical 
studies predict the existence of magnetic ordering at the edge of graphene nanoribbons. 
We attempted to probe this edge magnetism by using a nano-contact between Ni and 
carbon nanowalls. The carbon nanowalls are few-layer graphene sheets grown 
vertically on the substrate. Although extremely large magnetoresistance-like features 
with well-defined hysteresis were observed, it was found that the effect is of 
magnetomechanical nature in which spatial displacement of the Ni tip is inevitable 
when subjected to a magnetic field. Nevertheless, the results are of significance since 
they provide evidences that the so-called ballistic magnetoresistance in various forms 
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FIG. 1.1 Schematic of the operation principle of Datta-Das spin FET. Figure modified 
from Ref. 11. 
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FIG. 1.2 (a) The non-local and (b) local spin valve signal plotted as a function of the 
ratio between the contact resistance RC and NM characteristic spin resistance 
RNM. This theoretical calculation is based on Eq. (2.32), Eq. (2.33) and Eq. 
(2.37) discussed in Section 2.6. Typical RFM/RNM ratio of 0.012 for Co and 
graphene is used. Diamonds (triangles) represent RS data points for 
transparent (tunnel) contacts extracted from literature. 
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FIG. 2.1 (a) Schematic for the honeycomb structure of graphene with its inequivalent 
lattice sites A and B, the corresponding interpenetrating triangular lattices a1 
and a2, and the nearest neighbour vectors δ1,2,3. (b) The Brillouin zone in 
reciprocal space, with Dirac cones located at the K and K’ points. Figure 
adapted from Ref. 2. 
 
29 
FIG. 2.2 Band dispersion of graphene. The left side represents the entire energy band 
structure, while the right side zooms in to the energy band near the Dirac 
point. Figure adapted from Ref. 2. 
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FIG. 2.3 The calculated band structures of (a) armchair and (b) zigzag graphene 
nanoribbons. Figure adapted from Ref. 51. 
 
40 
FIG. 2.4 (a) Contour plots of the ferromagnetically ordered spin densities in an 
isolated zigzag graphene nanoribbon with open edges. Red and blue denote 
opposite spin orientations. The direction of an external electric field is 
indicated in the figure. Figure adapted from Ref. 52. (b) Left (right) panel 
shows the spin-resolved band structures of the nanoribbon without (with) and 
transverse electric field. Red and blue indicate α spin and β spin states, 
respectively. Figure adapted from Ref. 50. 
 
41 
FIG. 2.5 DOS diagram of the electronic states of a graphene nanoribbon (a) without 
applied electric field and (b) with applied transverse field. Top: the occupied 
and unoccupied edge states on the left side are for α-spin and β-spin, 
respectively, and vice versa on the right side. Bottom: Schematic of the 




FIG. 2.6 (a) Schematic showing the spin injection process from a FM on the left into 
a NM material on the right. (b) When spin-polarized current from the FM 




spin-up (+) and spin-down (-) electro-chemical energies is induced and the 
spin accumulation is derived as Δμ = (μ+ −μ−). (c) The variation of the current 
spin polarization throughout the FM/NM junction. Figure modified from 
Ref. 54. 
 
FIG. 2.7 (a) Spin accumulation in logarithmic scale and (b) current spin polarization 
at the interface between a FM metal and a semiconductor NM. The 
calculation has been carried out for FM as Co with rFM = 4.5 × 10
−15 Ω·m2 
[60, 61], pFM = 0.46, and λFM = 60 nm [60], and for NM as GaAs with rNM = 
4.5 × 10−9 Ω·m2 and λNM = 2 μm [59]. The blue solid lines are calculated with 
spin-dependent contact resistance of rC = rNM = 4 × 10
−9 Ω·m2, PJ = 0.5, and 




FIG. 2.8 Spin splits of the electro-chemical potential Δµ and current densities J± for a 
FM/NM/FM multilayer with spin-dependent scattering in the (a), (b) AP 
magnetization configuration, and (c), (d) P magnetization configuration. 
Figure adapted from Ref. 56. 
 
50 
FIG. 2.9 Calculated MR ratio of a FM/NM/FM trilayer plotted as a function rC/rNM. 
rFM/rNM is taken to be 0.012 which simulates the case of Co and graphene. 
λNM/LNM is assumed to be 0.1. 
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FIG. 2.10 Basic structure of a non-local spin injection and detection device where the 
bias current density J is separated from the detection terminal. 
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FIG. 2.11 Calculated MR signal of a non-local spin valve plotted as a function rC/rNM. 
rFM/rNM is taken to be 0.012 which simulates the case of Co and graphene. 
λNM/LNM is assumed to be 0.1. 
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FIG. 2.12 Energy band diagrams for (a) metal/semiconductor (Schottky barrier case), 
(b) metal/metal, and (c) metal/graphene junctions (p-doped graphene case). 
Figure modified from Ref. 67. 
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FIG. 2.13 Schematic of the band diagram of the metal/graphene interface with the 
illustration of the parameters which are implemented in the planar 
capacitance model. Figure adapted from Ref. 70. 
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FIG. 2.14 The metal/graphene binding energy (upper panel) and the metal/graphene 
atomic distance of different metals (lower panel). The metal/graphene 








FIG. 3.2 AFM images of (a) single layer, (b) bilayer and (c) trilayer graphene. 
Measured thickness is 0.42 nm, 0.81 nm, 1.24 nm, respectively, as depicted 
in the cross section in (d), (e), (f). 
 
72 
FIG. 3.3 The sample fabrication process. 
  
73 
FIG. 3.4 (a) Schematic of the device with dimensions indicated. (b) An optical 
microscope image of the actual device. 
 
74 
FIG. 3.5 Schematic of the four types of devices. (a), (b) The Type I and II devices are 
fabricated by evaporation with and without the Cu interfacial layer, 
respectively. (c), (d) The Type III and IV devices are fabricated by sputtering 
with and without the Cu interfacial layer, respectively. 
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FIG. 3.6 (a) Schematic of the setup for Ids-Vds and dIds/dVds measurements. 
Measurements were carried out under UHV environment in an Omicron 
nanoprobe system and under low temperature in a LHe cryostat. (b), (c) 
Schematic of the two terminal and four terminal measurement connections, 
respectively. The latter is used for measuring the contact resistance. 
 
77 
FIG. 3.7 (a) Ids plotted against Vds at various VG for the Type I device. The different 
color codes and symbols represent data measured at different VG. Inset: 
(Field emission transport) FET characteristics of the sample showing the 
Dirac point at -78V. (b) dIds/dVds curves plotted as a function of Vds and VG. 
 
79 
FIG. 3.8 (a) Ids plotted against Vds at various VG for the Type II device. The different 
color codes and symbols represent data measured at different VG. Inset: FET 
characteristics of the sample showing the Dirac point at -28V. (b) dIds/dVds 
curves plotted as a function of Vds and VG. 
 
81 
FIG. 3.9 (a), (b) Ids-Vds and dIds/dVds characteristics of the Type III device at various 
VG. (c), (d) The same graphs for the Type IV device. 
 
82 
FIG. 3.10 (a) Back gate bias dependence of the conductance ratio taken at Vds = 1.5 V 
and zero bias for each type of device. Square, circle, triangle, and diamond 
represent data for the Type I device, Type II device, Type III device, and 
Type IV device, respectively. (b) Schematic of Rc and RCh in series. (c) 
Statistics of the contact resistivity ρC of the four types of samples. 
 
84 
FIG. 3.11 (a) Conductance vs. Vds at various temperature from 250 K down to 4.2 K 
for the Type I sample with 1.5 nm thick Cu interfacial layer. The gradual 
formation of the dip at low Vds is seen. (b) The conductance of the graphene 




between high and low Vds. (c) The contact conductance at various 
temperatures. It is seen that the dip at low Vds originates from the contact and 
not the channel. The conductance curves in this figure are vertically offset 
for clarity, except for the lowest one in each panel. 
 
FIG. 3.12 Temperature dependence of the contact resistivity of Type I samples with Cu 
thickness of (a) 1.5 nm, (b) 2.5 nm, and (c) 3.5 nm, respectively. The 
corresponding contact potential barrier height obtained from fitting the 
experimental data with Eq. (3.1) are shown inside each panel. Squares denote 
experimental data and the solid line is the fitting curve. 
 
87 
FIG. 3.13 (a), (b) Contact conductance plotted as a function of Vds from 250 K down to 
4.2 K for the Type III and Type IV sample, respectively. For clarity, the 
curves are vertically offset, except for the lowest one. (c), (d) Contact 




FIG. 4.1 (a) SEM image of the graphene spin valve device. (b) Schematic of the non-
local spin valve configuration. A current I flows from electrode 3 to electrode 
4, while the voltage difference is picked up between electrodes 2 and 1. This 
is equivalent to the geometry discussed in Section 2.6.3. (c) Schematic of 
electron spin injection and diffusion when the electrodes are in P 
configuration. Injection of spin up electrons at electrode 3 induces spin-up 
accumulation underneath electrode 3, together with a deficit in the spin-down 
channel. Due to the spin relaxation process, the spin density decays 
exponentially within the spin relaxation length and a positive non-local 
resistance is probed between electrode 1 and 2. (d) Electron spin injection 
and diffusion for AP magnetization configurations. The voltage detectors 
measure opposite spin channels, which give a negative non-local resistance. 
Figure (b) – (d) adapted from Ref. 19. 
 
96 
FIG. 4.2 Background resistance plotted against gate bias of (a) the first and (b) second 
1.5 nm Cu Type I sample. 
 
98 
FIG. 4.3 (a), (b), (c) show the AMR signal of the injector, detector, and the non-local 
MR of the first Type I sample. (d), (e), (f) show the same set of data for the 
second Type I sample. Inset of (a) and (b) show the measurement 




FIG. 4.4 (a), (b) Non-local MR curves obtained at various VG for two Type I devices 
with 1.5 nm Cu thickness. A constant background is subtracted and the 
curves are offset for clarity. (c) Spin valve signal of the two Type I devices 




(triangle) plotted against VG. The fitting curve is shown as black solid 
(dotted) line for the first (second) Type I device. The curves are offset for 
clarity. Inset: FET response of the graphene channel resistance. Solid 
(dotted) line for the first (second) Type I device. 
 
FIG. 4.5 Non-local MR curves obtained at various VG for the Type I samples with Cu 
thickness of (a) 2.5 nm, (b) 3.5 nm (first sample), and (c) 3.5 nm (second 
sample). It should be noted that a background resistance of 1.1 Ω to 2.2 Ω is 
subtracted and the MR curves are vertically offset for clarity. Experimental 
(diamond) and fitted (solid line) spin valve signal plotted against VG for the 
samples with Cu thickness of (d) 2.5 nm, (e) 3.5 nm (first sample), and (f) 
3.5 nm (second sample). 
 
101 
FIG. 4.6 (a) Cross section TEM image of a sample with Cu thickness of 2.5 nm. (b) 
Depth profile obtained by SIMS analysis of the Au/NiFe/Cu/graphene stack. 
 
106 
FIG. 4.7 AFM images of e-beam evaporated (a) 5 nm, (b) 2.5 nm and (c) 1.5 nm Cu 
on graphene. The corresponding cross section with the thickness indicated is 
shown in (d), (e), (f), respectively. 
 
107 
FIG. 4.8 (a) Current density simulation at the NiFe/Cu/graphene contact region with 
Cu thickness of 2.5 nm (a) and 5 nm (b). The color scale represents the 
normalized current density. Note that the NiFe and graphene layers extend 
beyond this figure. 
 
108 
FIG. 4.9 Spin valve signal plotted against DC current bias at VG = -40 V (square), 0 V 
(circle), 20 V (triangle). Inset: Spin valve signal plotted against temperature. 
 
110 
FIG. 4.10 Contact resistance obtained from fitting with Eq. (4.4) (line with square) and 
actual measurement (solid line) plotted against DC current bias. Inset: Spin 
injection efficiency plotted against DC current bias. 
 
111 
FIG. 4.11 (a) Hanle precession curves at various VG. It should be noted that the 
background resistance is subtracted and the curves are vertically offset for 
clarity. (b) Fitting curve (solid line) of the measured Hanle data (diamond) at 
VDirac = 30 V and the corresponding spin lifetime and diffusion constant 
obtained. (c) Spin lifetime (square) and diffusion constant (triangle) 
extracted from fitting of Hanle curves at various VG. 
 
113 
FIG. 4.12 (a) Contact spin polarization vs. contact resistivity comparison among 
graphene spin valve devices with transparent (square), intermediate (circle) 
and tunneling contacts (triangle). The references are indicated beside the 
symbols. Circles denote data from this work. (b) Calculated cut-off 










FIG. 5.1 (a) Schematic of the NiFe/Cu/graphene trilayer structure with a Au capping 
layer to prevent NiFe from oxidizing. (b) and (c) are control devices without 
the graphene layer or without the Cu layer, respectively. The layer thickness 




FIG. 5.2 Schematic of the measurement connections. Throughout this chapter, all data 
is obtained using the connection of (a) except for one set which incorporates 
(b). The one using (b) is explicitly stated in the text. 
 
127 
FIG. 5.3 (a) AMR under parallel-to-plane magnetic field for a pure metal NiFe/Cu 
bilayer. (b) AMR of a NiFe/graphene bilayer. 
 
128 
FIG. 5.4 (a) and (b) correspond to measurements for the low-field MR peak at various 
back gate bias and temperatures, respectively. (a) is measured at 4.2 K. The 
sample is a NiFe/Cu(2.5 nm)/graphene device. The curves are vertically 
offset for clarity. (c) and (d) show the magnitude of the MR plotted against 
VG and T, respectively. 
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FIG. 5.5 (a) MR measurements at various VG for a device with 3.5 nm Cu layer 
thickness using the configuration as in Fig. 5.2 (a). (b) MR measurements 
using a channel-inclusive configuration as depicted in Fig. 5.2 (b). The 
curves are vertically offset for clarity. (c) and (d) show the low-field MR 
peak plotted against VG for the two configurations, respectively. 
 
130 
FIG. 5.6 (a) Low-field MR peak measurements of the 5 nm Cu sample at various 
temperature. It is noted that the AMR signal is not picked up since a large 
field range is applied. The curves are vertically offset for clarity. (b) The 
magnitude of the low-field MR peak compared among the three types of 
samples with different Cu interfacial layer thicknesses. Red square 
corresponds to 2.5 nm Cu, green triangle corresponds to 3.5 nm Cu, and blue 
diamond corresponds to 5 nm Cu. It is clear that the 5 nm Cu sample exhibit 
MR ratios which are significantly smaller than the other two types. 
 
131 
FIG. 5.7 (a) and (b) show the definitions of “backward-forward” and “forward-
backward” sweeping orders, respectively. (c) and (d) show the AMR 
magnitude obtained during five runs of “backward-forward” and “forward-
backward” sweeps, respectively. (e) and (f) show the values of Bmin obtained 




respectively. Red squares (blue triangles) correspond to the data obtained 
during the forward (backward) sweep. 
 
FIG. 5.8 (a) Two self-intersecting scattering loops of an electron with coherent phase 
which can lead to constructive or destructive interference. The sizes of these 
loops are determined by the dephasing time τΦ related to elastic scattering. 
(b) Three scattering mechanisms which contribute to phase change are 
superimposed on the Fermi surface (triangle around the two Dirac points K 
and K’): The elastic intervalley scattering time τi; The elastic intravalley 
trigonal warping scattering time τw; The elastic intravalley chirality breaking 
scattering time τz. Adapted from Ref. 2. 
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FIG. 5.9 (a), (b), (c) Coherence lengths LΦ (red circle), Li (black square), and L* (blue 
triangle) plotted as a function of T for the sample with 2.5 nm Cu, 3.5 nm Cu 
and 5 nm Cu, respectively. (d) Coherence length values from literature. Filled 
symbols are taken from Ref. 2, hollow symbols are taken from Ref. 3, and 
crossed symbols are taken from Ref. 4. 
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FIG. 5.10 (a) The sample with 2.5 nm thick Cu layer is measured for MR under 
perpendicular-to-plane magnetic field at 4.2K. The curves at different VG are 
vertically offset for clarity. (b) MR curve obtained under large B┴ sweep 
range at 4.2 K and VG = 0. (c) Best approximation of a weak (anti-) 
localization fitting using Eq. (5.1) to obtain the coherence lengths. 
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FIG. 5.11 (a) Schematic of Dirac cone of ideal graphene and after Rashba spin splitting 
induced by Ni(111). Figure adapted from Ref. 8. (b) Angle-resolved 
photoemission spectra near the graphene K point in a Ni(111)/Au/graphene 
trilayer. The corresponding value of the wave vector k is indicated. Figure 
adapted from Ref. 6. The blue and red lines represent the spin up and spin 
down channel, respectively. 
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FIG. 6.1 (a) AFM image of CNWs. (b) MFM image of the CNWs with a section graph 
corresponding to the white line in the MFM image. (c) Schematic of the Ni-




FIG. 6.2 Schematic of a magnetic nanocontact with the two sides of the contact in 
antiparallel and parallel magnetic configuration. Blue and red indicate 
regions of different magnetization. 
 
145 
FIG. 6.3 Schematic of the experimental setup. Measurements were carried out in the 
Omicron UHV nanoprobe system. 
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FIG. 6.4 (a) SEM image of CNWs taken together with a nanoprobe using the in situ 149 
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SEM. (b) Illustration of the contact formation between the nanoprobes and 
CNWs and the measurement connection. 
 
FIG. 6.5 MR curves obtained at various ZFR values represented by different symbols. 
 
150 
FIG. 6.6 (a) Color image showing the dependence of resistance on ZFR and applied 
field. (b) The MR ratio as a function of ZFR. Diamonds are experimental 
data, and the line is the corresponding trend line. 
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FIG. 6.7 The MR curve for a Ni-metal contact for reference. 
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FIG. 6.8 (a) Field modulation curve ΔR/ΔH plotted against the DC field. (b) MR curve 
of a magnetic forward sweep. 
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FIG. 6.9 (a) Output waveforms of DC current biased nanocontact subjected to the 
excitation of a small AC field superimposed with a variable DC field. The 
values of the respective DC fields are given on the right side of the y-axis, 
which are also marked by red diamonds in (b). (b) Different phases of the 
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CHAPTER 1 INTRODUCTION 
1.1 Background 
The continuous downscaling of Si transistor technology in the last several 
decades has brought the complementary metal-oxide-semiconductor (CMOS) 
technology into the nanometer regime; the 22 nm node has already been reached and 
the realization of the 14 nm node is anticipated for this year [1]. Innovations have been 
and continued to be made in several fronts in order to extend the CMOS technology 
further into the sub-10 nm regime, including development of new materials and device 
structures, and related process technologies. Some of these technologies include non-
classical CMOS design such as ultra-thin body silicon on insulator [2], vertical 
transistors [3], band-engineered transistors [4], and double-gate transistors [5]. These 
technologies address the limits of conventional top-down scaling of transistor elements, 
such as an exponential increase of the leakage currents when decreasing the thickness 
of the gate dielectric and the depths of the source/drain junction. Although these 
technological innovations will make it possible to realize densely packed and ultra-fast 
devices, excessive power consumption will eventually set the limit as to how far the Si 
CMOS technology can evolve without a fundamental change in device concept and 
operation principle. Apart from the power dissipation issue, the existing transistor will 
not function properly once the channel length is shortened to a scale such that quantum 
mechanical nature of electrons can no longer be ignored.  
In order to address the fundamental issues facing the Si CMOS technology, 
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various new device concepts have been proposed and studied both theoretically and 
experimentally. Many of these embryonic paradigms are not necessarily trying to 
replace CMOS completely, but rather to complement the CMOS so as to broaden the 
field of nanoelectronics to new domains of applications which are not accessible with 
the current CMOS technology alone. One of the most promising and widely studied 
approaches is to make use of the spin degree of freedom of electrons for information 
processing, and the relevant devices and technologies are broadly called spintronics. 
The origin of spintronics dated back to the 1970’s, when P. M. Meservey and R. Tedrow 
conducted tunneling experiments on ferromagnet(FM)/superconductor junctions [6] 
and M. Julliere carried out the experiments on magnetic tunnel junctions (MTJ) [7]. In 
1985, M. Johnson and R. H. Silsbee observed spin-polarized electron injection from a 
FM into a non-magnetic (NM) metal [8]. In 1988, the giant magnetoresistance (GMR) 
effect was discovered independently by A. Fert et al. [9] and P. Grünberg et al. [10]. It 
is only after the discovery of GMR that spintronics as a major research field has burst 
into the scene of the scientific community. The GMR-based devices had a significant 
impact on the data storage technologies in the last two decades. The combination of 
GMR with other technologies has enabled the hard-disk drive to maintain an 
astonishing growth rate. Magnetic tunnel junctions - the sister technology of GMR, 
have also penetrated into the non-volatile memory market.    




FIG. 1.1 Schematic of the operation principle of Datta-Das spin FET. Figure modified 
from Ref. 11. 
 
Despite the success of GMR and MTJ technologies in data storage, these 
technologies are not suitable for information processing as they are mostly based on 
metals. The first theoretical scheme of a spintronics device which has the potential for 
information processing was the field effect spin transistor (or spin-FET) proposed by S. 
Datta and B. Das in 1990 [12]. In this Datta-Das type of device, a hetero-structure made 
of InAlAs and InGaAs provides a two-dimensional electron gas (2DEGs) channel 
contacted between two FM electrodes. Like a field effect transistor (FET), one electrode 
takes the role of a source, but with the additional function to provide spin polarized 
electrons according to the electrode’s magnetization direction. The other electrode 
serves as a drain and possesses the same magnetization as the source to act as a spin 
filter. As depicted in Fig. 1.1, when there is no spin precession or relaxation during 
transport through the channel, all electrons are expected to reach the drain with spins 
pointing to the same direction as they leave the source. As the magnetization of the 
drain FM is maintained in the same direction of the source, electrons will be able to 
pass the channel/drain interfaces with a low scattering rate, leading to a larger current 
or trans-conductance. The gate functions as a modulator which alters the trans-
 Chapter 1 Introduction 
4 
 
conductance from source to drain by varying the gate bias voltage. In contrast to the 
case of conventional FET in which the conductance modulation is accomplished 
through electrostatic effect, in spin-FET, the conductance modulation is performed 
through controlling the degree of precession of electron spin when electrons travel 
across the channel. The latter in turn is induced by a traverse electrical field 
perpendicular to the plane of the channel through Rashba effect [12]. When electron 
spins are not aligned with the magnetization direction of the drain, they will experience 
a higher resistance entering the drain. If properly designed, the spin-FET in principle 
can function as both a logic and a memory device. In addition to this dual functionality, 
if a pure spin current instead of spin polarized current can be created in the channel, the 
spin-FET will potentially have a much lower power dissipation as compared to the 
conventional FETs. 
As shown in Fig. 1.1, the successful operation of the spin-FET lies in the quality 
and functionality of source/channel junction, channel, and channel/drain junction. In 
order to achieve efficient spin manipulation, the channel should exhibit (i) a long spin 
relaxation time as compared to the mean transit time, (ii) a viable mechanism for 
inducing large spin precession, and (iii) high immunity to thermal agitation. The first 
and second requirements contradict each other in many semiconductor materials. A 
long spin relaxation cannot co-exist with large spin-orbit coupling, but the latter is 
required for sufficient spin angle modulation by the gate bias. Thermal agitation also 
tends to randomize the spin directions. This is the reason why despite the Datta-Das 
spin FET was proposed more than 20 years ago, experimental demonstrations have 
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remained elusive with only limited examples [13, 14]. The recently discovered 
graphene is considered to be promising as a channel material for spin-FET. In addition 
to a long spin diffusion length, recently it is demonstrated that electrical control of 
electron spin rotation via the exchange interaction with a ferromagnetic gate dielectric 
by Rashba effect is possible [15]. 
 
1.2 Introduction to graphene 
Graphene is a two-dimensional (2D) single atomic layer of carbon arranged in a 
honeycomb crystal lattice. Although it is the basic structure to form all different 
allotropes of carbon including zero-dimensional (0D) fullerenes [16], one-dimensional 
(1D) carbon nanotubes (CNTs) [17] and three-dimensional (3D) bulk graphite, it was 
only discovered formally in 2004 [18]. One of the possible reasons is that perfect 2D 
crystals are known to be unstable in the free-standing form and they tend to roll up to 
form structures like fullerene and CNT [19]. In this sense, it is worth noting that prior 
to the formal discovery of graphene various types of 2D carbon have been reported, 
notably the carbon nanowalls (CNWs), which are few layer graphene sheets grown 
vertically on flat substrates [20-22]. The self-supported network structure greatly 
enhances the stability of CNWs which may have contributed to the early finding of this 
type of structures. The thickness of CNWs was reported to be in the range of one to 
several nanometers, and most recently the same technique has been used to grow single 
and few-layer graphene sheets [23]. Although the CNWs are 2D carbon, they contain a 
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high degree of disorders. Compared to graphene, the biggest advantage of CNWs is that 
their edges are easily accessible electrically which greatly facilitates the study of 
possible magnetic ordering at these edges. As we will discuss in the following chapters, 
both graphene and CNWs have been used for the spin transport studies in this work. 
The former was for lateral transport while the latter for nano-contact studies.  
The carbon atoms in graphene are bonded together by a robust σ bond which 
consists of the sp2 hybridazation of one s orbital and two p orbitals. The third p orbital 
can form covalent bond with neighboring carbon atoms, leading to a half filled π band. 
Because of this special type of lattice arrangement and bonding of carbon atoms, 
graphene exhibits a linear energy dispersion near two inequivalent K points in the 
reciprocal space called Dirac points where the top edge of valence band (VB) and lower 
edge of conduction band (CB) meet each other. The low-energy excitations around the 
Dirac point are massless and chiral Dirac fermions [19]. Some of the unique properties 
of graphene which have already been confirmed by experiments include anomalous 
integer quantum Hall effect [24, 25], minimum conductivity [26, 27], Klein-paradox 
[28, 29], weak (anti-) localization [30-34], valley polarization [35, 36], specular 
Andreev reflection with superconductor [37, 38], etc. Although it does not have a 
bandgap, its extremely high mobility and low spin-orbit coupling have attracted great 
attention as the channel material for next-generation electronic devices, in particular, 
spintronics devices.  
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1.3 Graphene spintronics 
In the past few years, graphene has proved to be an attractive material for 
spintronics [39-63]. Graphene has a low spin-orbit interaction, which in principle 
should translate into a long spin lifetime. Together with the high charge carrier mobility 
[64], it implies a long distance over which the spin information can be transported. 
Other aspects that make graphene a unique system for spintronics include its tunable 
carrier concentration, the lack of surface depletion region which enables modification 
by surface interaction with metal or chemical doping [63, 65-68], and prediction of 
novel spin-dependent behavior such as fully spin-polarized magnetic ordering in 
nanoribbons [69]. 
N. Tombros et al. provided the first unambiguous spin-dependent transport 
measurements in graphene [39]. The spin valve signals and precession measurements 
revealed a spin relaxation length (λG) of 1.5 μm to 2 μm. The spin signals are found to 
be weakly dependent on temperature or the charge carrier density (which is determined 
by electrical gating). Later on, spin signal has been measured with electrode distance 
up to 10 μm (actual λG = 3.9 μm) at room temperature (RT) and it has been found that 
few layer graphene exhibits a longer spin lifetime than single layer graphene [48, 57] 
due to the screening effect of outer layers which reduce the influence of external scatters. 
Further improvements could be possible with suspended graphene which mobility 
exceeds 100,000 cm2V-1s-1 [50, 64, 70]. Up to now, spin relaxation obtained in such 
devices can reach around 5 μm [50], but further improvement is foreseen when the 
influence of the non-suspended contact part of the graphene sheet is reduced. Although 
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high-quality graphene layers can be made by different types of methods and the effect 
of substrate can be reduced by making graphene suspended between electrodes, little 
progress has been made in the development of suitable contacts with high spin-injection 
efficiency and low contact resistance. This obstacle must be overcome first before the 
full potential of graphene can be utilized for spintronics applications. An alternative 
way is to make graphene itself magnetic, for example through molecular doping and 
proximity effects [71, 72]. Graphene edge magnetization is particularly interesting 
since it turns graphene into a half-metal. However, experimental observations of this 
theoretically predicted edge magnetism is still lacking [69].  
The spin-injection efficiency can be estimated from the magnetoresistance (MR) 
measurements of lateral spin-valves. The MR measurements can be performed using 
either a local configuration where the spin injection and detection paths are the same or 
a non-local configuration where injection and detection paths are different. The non-
local configuration usually yields a higher signal-to-noise ratio (SNR) because the spin 
accumulation is detected as a spin-dependent voltage difference with respect to the FM 
reference electrode without the involvement of charge current, excluding the large non-
spin related background signals. The spin-valve signal generated depends on the spin 
injection efficiency, which is strongly limited by the conductivity mismatch between 
FM metals and graphene [73, 74]. So far, various types of contacts have been studied 
to improve the spin injection efficiency including both the transparent contacts [54-63] 
and tunnel contacts [39-53]. Table 1.1 summarizes some of the representative 
publications on spin injection with these two types of contacts. 
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TABLE 1.1 Graphene based spin-valve devices and their performance from major publications. 
T is the temperature and RC is the contact resistance. Note that RC is given in different units. For 
the non-local geometry, the spin signal RS is shown, while for the local geometry, the MR ratio 
is given. The MR ratio equals RS/RP, where RP is the resistance measured under parallel 
magnetization configuration of the electrodes. 




λG (μm) Ref. 
Single layer Al2O3/Graphene Non-local/Local 5-100kΩ 15Ω/0.5% 1.5-2 [39] 
Single layer Al2O3/Graphene Non-local 1-2kΩ 2Ω 1.8 [40] 
Single layer Al2O3/Graphene Non-local 2.5-12kΩ 2Ω 1.5-2 [42]  
Single layer Al2O3/Graphene Non-local 50-90kΩ 100Ω 2 [43] 
Single layer Al2O3/Graphene Non-local 10- 200kΩ 50Ω 0.5-2.2 [44] 
Few layer Al2O3/Graphene Non-local 2kΩ 20mΩ 10 [48]  
Single layer Al2O3/Graphene Non-local 3.3kΩ 500mΩ 0.6-1 [49] 
Single layer Al2O3/Graphene Non-local 20kΩ 1.1Ω 2-4.8 [50] 
Single layer Al2O3/Graphene Non-local 7kΩ 4.3Ω 0.5-1.4 [51] 
Few layer Al2O3/Graphene Local 3.2-76MΩ 0.7-9.4% N.A. [52] 
Trilayer MgO/Graphene Non-local 2.2kΩ 110-630mΩ 1.5-2.3 [53] 
Single layer MgO/TiO2/Graphene Non-local 200kΩ 130Ω 2.5-3 [45]  
Few layer MgO/Graphene Local 200kΩ 12% N.A. [41]  
Graphitic flakes Co/Graphene Non-local/Local 90Ω 6mΩ/0.03% 1.5 [55] 
Single/Bilayer NiFe/Graphene Non-local 200Ω 100mΩ 2 [58] 
Few layer Co/Graphene Non-local 490Ω 300mΩ 8 [59] 
Single layer Co/Graphene Non-local <300Ω 60mΩ 1.6 [60]  
Single layer Co/Graphene Non-local 300 Ω 1-100mΩ 0.87–1.5 [61]  
Single/Bilayer Co/Graphene Non-local 300 Ω 40- 80mΩ N.A. [62] 
Few layer Co/Graphene Local N.A. 0.39% >0.5 [57] 
 
The tunnel contact is particularly effective in alleviating the conductivity 
mismatch problem. Typical tunnel barriers investigated so far include Al2O3, MgO and 
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TiO2 with a thickness under 1 nm. Early graphene spin valve devices using Al2O3 
barrier usually yielded a non-local spin valve signal (RS) in the range of a few Ω [39-
42, 50-51] to around 100 Ω [43, 44]. Studies on tunneling barriers with significant 
pinholes showed that not only was the contact resistance decreased, but also RS was 
diminished to mΩ range [48, 49]. MgO tunnel barrier exhibited small RS at first, which 
was in the order of a few hundred mΩ [50]. Later, it was found that when MgO is paired 
with a very thin (0.12 nm) TiO2 layer beneath it, RS could be increased to maximum 
130 Ω and the spin efficiency reached 30% [45]. This is because the TiO2 layer lowers 
the surface mobility on graphene and reduces the formation of pinholes in the 
subsequently deposited MgO layer. In the case of transparent barriers, the metal 
electrode is in direct contact to the graphene sheet. The non-local spin valve signal is 
generally much lower compared to the tunnel barrier devices, ranging from 1 mΩ to 
100 mΩ [55-62]. The spin efficiency is much lower, too. For example in samples with 
electron-beam deposited Co electrodes with 50 nm contact area to graphene, the 
efficiency was around 1.3% [60]. This is attributed to the conductivity mismatch 
between the metal electrode and half-metallic graphene. Indeed, it is found that while 
non-local signals could still be detected, observing a local MR signal with conventional 
transparent contacts is much harder. In many works, local MR was not observed at all 
[58-62]. In those studies which managed to measure the local MR, the ratio was only 
0.39% or even lower [55, 57]. Only in devices with tunnel barriers have local MR been 
clearly demonstrated [39, 41, 52] and the record is 12% at RT with MgO/TiO2 barriers 
[41]. 




FIG. 1.2 (a) The non-local and (b) local spin valve signal plotted as a function of the 
ratio between the contact resistance RC and NM characteristic spin resistance RNM. This 
theoretical calculation is based on Eq. (2.34), Eq. (2.35) and Eq. (2.39) discussed in 
Section 2.6. Typical RFM/RNM ratio of 0.012 for Co and graphene is used. Diamonds 
(triangles) represent RS data points for transparent (tunnel) contacts extracted from 
literature. 
 
The spin injection efficiency from a FM into the graphene can be understood in 
similar way to that of a FM/semiconductor system. Because typically the FM resistance 
is much smaller than that of the graphene, a backflow of spin current to the FM is 
present at the interface. As a result, electron spin tends to quickly relax on the FM side 
due to pronounced spin flip scattering in the FM metal. With the aid of a contact barrier, 
the electro-chemical potential of electron spin becomes discontinuous at the interface, 
with the graphene side accumulating higher potential than the FM. In such a manner, 
less spin flip occurs at the FM side and the spin signal can be conserved inside the 
graphene channel which exhibits much lower spin flip rate. The detailed theoretical 
analysis of the spin injection process is discussed in Section 2.6. The relationship 
between the spin signal RS and the contact/NM characteristics spin resistance ratio 
(RC/RNM) is plotted in Fig. 1.2. This figure is a modified from Ref. 75. The result 
obtained for the non-local configuration is shown in Fig. 1.2 (a) and we can see that 
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when RC « RNM, RS is proportional to the ratio between the characteristic spin resistance 
of the FM and NM RFM/RNM, which can be very small (around 0.012 for the case of Co 
and graphene). The crossover point happens around RC = RNM and significant increase 
of the spin signal is obtained when RC is sufficiently large. However, RS does not 
increase indefinitely with RC, instead, it saturates at a value proportional to RNM after 
RC becomes much larger than RNM. Figure 1.2 (b) shows the local MR signal, which in 
this case is represented by the ratio between RS and the resistance measured under 
parallel magnetization configuration of the electrodes (RP). Clear MR signal is only 
present within a window described by (L/λNM)RNM « RC « (λNM/L)RNM, where L is the 
channel length of the spin valve device, and λNM is the spin relaxation length of the NM. 
Outside this window, local MR signal is quenched because RS is too small when RC « 
(L/λNM)RNM, and RP becomes too large when RC » (λNM/L)RNM. Data points obtained 
from literature representing the transparent and tunnel contact regime are indicated 
inside the figure. It is obvious that transparent barriers are too small to prevent the 
backflow of spin current, thus, RS in both non-local and local configuration is small. It 
is noteworthy to mention that for the local case, experimental MR ought to be even 
more difficult to be observed than this theoretical prediction because of the noise added 
by the background signal. On the other hand, tunnel barriers can clearly improve RS in 
the non-local geometry, but RC usually becomes larger than necessary, which pushes 
non-local RS into the saturation region and quenches the local MR signal. Also, large 
RC can impose issues regarding power consumption and high frequency applications. 
At the end of the day, a contact with suitable barrier height and good spin injection 
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efficiency is highly desirable. 
Besides the spin injection process at the contact, another important factor which 
could greatly affect the spin transport is the spin relaxation process inside the graphene 
channel. The graphene spin relaxation process is mainly of Elliot-Yafet type [46, 76], 
while Dyakonov-Perel spin relaxation is also reported especially for bilayer graphene 
[46, 77]. As mentioned before, suppression of spin relaxation can be realized by a 
suspended graphene channel design or implementation of few layer graphene. Yet 
another approach to boost spin transport is to deliberately magnetize the graphene 
channel according to the desired polarization. In such a way, relaxed spin signal can be 
restored. It has been predicted by calculations based on the mean field theory [78-80], 
density functional theory [69, 81] and different numerical techniques [82-84], that 
Hubbard interactions can give rise to ferromagnetic ordering in the edge states of a 
zigzag graphene nanoribbon. This remarkable property is linked to the unique band 
structure symmetry in the zigzag graphene nanoribbon. The ground-state spin 
configuration found in the nanoribbon is of opposite spin orientation on each edge side. 
Although the net spin for the entire ribbon is zero due to antiparallel alignment of spins 
at the two edges, an energy shift of opposite spin states can be induced if the graphene 
nanoribbon subjected to an external electric field. Therefore, the electrons can be 
completely polarized with opposite spin orientation at the edge of the graphene 
nanoribbon [69]. A more detailed illustration of this polarization process can be found 
in chapter 2.3. Such edge magnetism in graphene is quite promising for nanoelectronics 
applications since it would effectively turn the graphene into a half-metal, which means 
 Chapter 1 Introduction 
14 
 
it becomes a conductor for one type of spin and an insulator for the other. First principle 
simulations show that spin valve devices built on spin polarized graphene can exhibit 
MR ratios up to 106 % which is three orders of degree higher than previously reported 
experimental values [85]. In addition, since the edge magnetization is induced by an 
external electric field, it would enable a way to control the spin transport inside the spin 
valve device electrically, which is a very desirable feature otherwise difficult to achieve 
by conventional materials. Nevertheless, up until now there have not been any 
experimental observations of this edge magnetism in graphene nanoribbons and it is 
still debatable if the magnetism is stable enough to occur in actual devices [86]. Ideally, 
the edge magnetization could be picked up when probed at the localized edge region 
with a sufficiently sensitive magnetic tip. But at least three mechanisms, i.e. the edge 
closure [87], edge reconstruction [88], and edge passivation [89] can drastically 
diminish the effect of edge states inside the graphene nanoribbon or eliminate them 
entirely. Even if graphene nanoribbons with ideal edges could be realized, the edge 
magnetization is hardly robust enough to be measured at room temperature since charge 
doping can destroy the intrinsic edge magnetization [86]. In addition, it is 
experimentally quite challenging to measure edge polarization since a transverse 
electric field is necessary. The magnetic probe has to be delicate enough to precisely 
confine its measurement region to the localized edge state and at the same time, it must 
not be influenced by the electric field. 
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1.4 Motivation of this work 
As discussed in the previous section, currently there are mainly two categories of 
contacts for graphene spin-valve devices, i.e. the tunnel contacts and transparent 
contacts. Despite being much more spin efficient, tunnel barriers have a very high 
contact resistance, which range from tens of kΩ to MΩ [39, 45, 52]. In contrast, 
transparent contacts exhibit resistance normally in the order of several hundred Ω [60]. 
Therefore, even though graphene spin-valve devices with tunnel barriers have a high 
spin-injection efficiency, the large overall resistance (contact plus channel resistance) 
can possibly limit its power efficiency and high frequency applications. 
A contact with low resistance and high spin injection efficiency is highly desirable 
for spintronics applications. To address this challenge, this work aims to find a suitable 
interfacial material which can boost the spin injection from FM to graphene without 
resorting to the use of an insulating barrier. Theoretical studies showed that very high 
spin injection efficiency up to 80% can be obtained if Co and Ni can be grown 
epitaxially on graphene [90, 91]. In this case, the interaction between Co/Ni and 
graphene alters the linear dispersion relation of graphene’s band structure and opens a 
spin-dependent bandgap of 0.4 eV - 0.5 eV which greatly facilitates the spin injection 
efficiency. However, such perfect interface is very difficult to be realized in experiments. 
Apart from these epitaxial interfaces, in most other general cases, the metal/graphene 
interfaces can be divided into two broad categories depending on whether the atomic 
bonding at the interface is of physisorption or chemisorption nature. In the former cases, 
such as interfaces with Ag, Al, Cu, Cd, Ir, Pt, Pd, and Au, the band structure of graphene 
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is largely preserved, whereas in the chemisorption cases, such as interfaces with Ni, Fe, 
Co, Ru, Pd, Ti, K, Ca, Li, and Sc, the strong bonding or hybridization between metal 
and carbon atoms disturbs graphene’s electronic band structure [92-97]. In addition, a 
doping effect is observed with metals of large work function differences to graphene 
either via the formation of an interface dipole or charge transfer which alters the Fermi 
level of graphene [93, 95, 96]. We are particularly interested in physisorption interface 
because the weak bonding between metal and carbon atoms not only preserves the band 
structure of graphene but also induces a moderate potential barrier at the interface which 
may effectively help alleviate the conductance mismatch problem. In searching for a 
metal to establish an experimentally feasible spin-efficient contact, Cu has attracted our 
attention because (1) Co (or NiFe)/Cu interface is the basic building block of metal-
based spintronic devices, (2) the Cu/graphene contact belongs to the weak 
physisorption bonding category and a moderate potential barrier is expected at the 
interface, and (3) although Cu has a much larger workfunction than graphene, it causes 
one of the smallest n-type Fermi-level shift in graphene amongst the commonly used 
metals for electrical contacts [92]. Thus, the carrier density inside graphene remains 
low which can keep the contact resistance high. Factor (1) has been studied thoroughly 
and therefore further elaboration is probably not needed here [98]. As for factor (2), the 
Cu and graphene physisorption binding energy is quite small, only 0.033 eV (Co, Ni, 
Fe are 0.16 eV, 0.125 eV, 0.149 eV, respectively) and the large atomic separation is 
accompanied by a moderate potential barrier [94] which could help alleviate the 
conductance mismatch problem. Regarding factor (3), the reason for the small EF shift 
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is that the workfunction of Cu is decreased as electrons at the Cu surface are pushed 
into the bulk by Pauli-exclusion interaction [94]. This forms a dipole at the interface, 
and the resulting charge transfer from Cu to graphene shifts up the energy levels of 
graphene, which weakly compensates the dipole. Therefore, the workfunction of 
graphene directly underneath Cu is slightly reduced from the intrinsic 4.48 to 4.4 eV. 
Furthermore, this dipole layer helps to form a barrier layer with a well-defined profile 
even when the interface is physically not abrupt.  
In addition to the choice of metal, there are other factors influencing the 
metal/graphene contact characteristics and the reported contact resistivity values differ 
a lot even with the same type of metal. One of the main factors involves the surface 
quality of graphene [99]. The contact resistivity varies when graphene is not in pristine 
condition during metal deposition. An oxygen plasma etching procedure prior to metal 
deposition reduces the contact resistance by nearly 6000 times since contamination is 
removed [99]. However, if the dose of oxygen plasma is too high, it can easily damage 
the graphene sheet. Sputtered particles possess large energy which are also able to cause 
damage to graphene. It is demonstrated as a good method to alter the surface of 
graphene layer by layer [100, 101]. The threshold energy for carbon atom displacement 
in graphene is estimated to be between 20 eV to over 30 eV when subjected to particle 
irradiation [102]. Sputtering can produce particles reaching this energy range [103]. On 
the other hand, particles deposited by evaporation exhibit 100 times lower energy than 
sputtering [103] and are less likely to alter the graphene surface. It would be interesting 
to investigate the influence of different deposition method on the metal/graphene 
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interface and the associated contact potential barrier. 
Beside the influence of spin injection efficiency and the related contact barrier 
spin polarizer material, the magnetoresistance signal of the spin valve device also relies 
on the spin transport process inside the graphene channel. A fully spin polarized 
graphene would greatly facilitate the spin signal conservation. Therefore, we 
investigated the theoretically predicted edge magnetic moments in graphene. 
Measurements were conducted inside an ultra-high vacuum (UHV) chamber between 
CNWs and a Ni nanoprobe. CNWs are suitable for this application due to their vertical 
alignment which stimulates the formation of a nanocontact with the Ni tip. This delicate 
contact could enable magnetoresistance measurements which can probe the localized 
ferromagnetic moment at the edge of the CNWs. 
 
1.5 Thesis organization 
This thesis is directed towards the goal to build up a suitable interface to facilitate 
spin injection and transport in low dimensional carbon materials, and help realize 
energy efficient carbon based spin valve devices for high speed operations. 
Up until now, we have introduced the background of CMOS technology and 
shown some developing directions for the roadmap beyond CMOS, in which 
spintronics plays an important role. To realize the spin FET, graphene is a highly 
regarded material to form the channel because of its unique properties. However, there 
are challenges lingering including efficient spin injection from FM to graphene while 
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maintaining a low contact resistance. 
Chapter 2 discusses the fundamental physics of graphene band structure, spin-
orbit coupling in graphene, metal/graphene contacts, the importance of a contact barrier 
for spin injection, diffusion and detection in graphene spin devices, and other factors 
influencing graphene based spintronics is discussed. 
Chapter 3 focuses on finding a suitable metal to establish a contact potential 
barrier. Various metals were used for the electrodes which form different kinds of 
bonding with graphene to analyze their respective spin injection efficiencies. As 
mentioned before, Cu is a highly regarded candidate. Graphene transistor devices were 
fabricated with Co/Cu electrodes. In addition, pure Co electrodes were fabricated, too. 
It is shown that the Cu/graphene interface results in a non-ohmic contact nature due to 
higher junction resistance, while the Co/graphene interface is generally transparent. 
Besides, different deposition methods, including evaporation and sputtering, were 
implemented. When comparing the transport measurements on samples with these 
different interfaces, it is shown that sputtering causes a more transparent contact as 
compared to its e-beam evaporated counterpart. Therefore, it can be concluded that the 
ideal contact is formed by evaporated Cu. Low temperature measurements of 
Cu/graphene samples reveal a dip around zero bias conditions which confirms that the 
evaporated Cu/graphene interface indeed induces a contact potential barrier. The height 
of this barrier can be estimated by implementing a model of parallel tunneling, thermal 
emission and diffusion transport on the contact resistance-temperature dependence. 
Chapter 4 elaborates on the non-local MR signals in graphene spin valves 
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obtained with the aid of the evaporated Cu/graphene interface. These signals do not 
originate from spurious effects such as anisotropic magnetoresistance (AMR) from the 
electrodes. It is found that the MR signal is smallest near Dirac point. By using a model 
for intermediate contact resistances between tunneling and transparent regime, the 
dependence of the MR signal and the back gate bias is successfully fitted and the 
corresponding spin injection efficiency is extracted. Spin injection optimization can be 
achieved by calibrating the thickness of the Cu interfacial layer, and it is found that a 
Cu thickness of 2.5 nm gives the best results. Thicker Cu reduces the MR due to current 
shunting effects and enhanced spin flip inside polycrystalline Cu. Thinner Cu shows a 
non-continuous layer with pinholes, which also decreases the MR. With the suitable Cu 
thickness, our devices show a good tradeoff between low contact resistivity and 
reasonably high injection efficiency when compared to literature. 
Chapter 5 discusses a peculiar MR signal around zero magnetic field which is 
picked up during AMR measurements which is referred to as “low-field MR peak”. 
NiFe/Cu/graphene trilayer samples were fabricated and the low-field MR peak proves 
to be associated with the Cu/graphene interface as no such features are found when the 
Cu layer or the graphene is removed. At first, we thought that this low-field MR peak 
is attributed to weak localization effects in graphene. However, further investigation 
revealed that the calculated weak localization coherence lengths were not consistent 
with literature. In addition, the MR-temperature dependence did not tally with the 
nature of weak localization. Instead, a theory of Rashba induced spin-dependent energy 
band splitting is proposed. 
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Chapter 6 describes the investigation of the graphene edge magnetic moment 
through a point contact formed between a FM Ni probe and CNWs in ultra-high vacuum 
(UHV) environment. CNW was chosen due to its vertical alignment which favors the 
realization of nanocontacts. We hoped that the nanometer sized distance between the 
Ni tip and CNW could probe the magnetic ordering at the edge through 
magnetoresistance measurements. Nevertheless, it proved that the delicate nanocontact 
is greatly influence by the external magnetic field. Very large change in resistance with 
well-defined hysteresis was observed when an external magnetic field was swept in 
perpendicular direction along the tip. However, this magnetoresistance-like feature is 
not caused by spin-dependent transport. Instead, it is attributed to magnetomechanical 
effects. Due to the fact that only one side of the contact is magnetic, this Ni-CNW 
nanocontact system raises challenges to issues in the origin of ballistic 
magnetoresistance (BMR) [104] which is based on a nano-contact to decouple the two 
FM layers [105, 106]. It strongly supports the argument that the extremely large MR 
observed in most magnetic nano-contacts is due to artifacts. 
Chapter 7 concludes this thesis and gives possible directions for future work to 
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CHAPTER 2 PHYSICS OF GRAPHENE SPINTRONICS 
2.1 Introduction 
As discussed in the last chapter, the advantages of graphene for spintronic 
applications include very high carrier mobility at RT and small spin-orbit coupling 
which, when combined, would lead to a long spin relaxation length [1], tunability of 
carrier type and concentration by electric gating [2, 3], and ability to conduct high 
current above 108 A/cm2 [4]. These characteristics are lacking in conventional 
semiconductors (SCs), e.g., the spin relaxation length is only around 300 nm in Si at 
RT [5] and 180 nm in Ge at 100K [6]. In this chapter, after an overview of the graphene 
band structure is given, the physics background for spin orbit coupling and spin 
relaxation length will be discussed. In addition, the theoretical framework for spin 
injection into graphene and possibility of magnetic ordering at the edges of graphene 
will also be discussed. 
 
2.2 Graphene band structure 
Graphene is considered as a perfect 2D electronic material, because it is exactly 
one atom-layer thick and its carriers are confined strictly in a 2D sheet [7]. The motion 
of electrons in this 2D honeycomb lattice structure exhibits special chirality due to the 
two inequivalent lattice sites, i.e. A and B as depicted in Fig. 2.1 (a). The distance 
between two nearest neighbour carbon atoms is 0.142 nm. 
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The honeycomb structure can be modelled as a triangular lattice with a unit cell 
consisting of two basis atoms. The respective lattice vectors of A and B are a1 = (a/2)(3, 
√3) and a2 = (a/2)(3, -√3). The corresponding reciprocal lattice also has a honeycomb 
structure [Fig. 2.1 (b)], resulting in a first Brillouin zone of hexagonal shape with two 
inequivalent points K and K’. These points are called Dirac points which will be 
explained later. The positions of these two points in the reciprocal lattice space are K = 
(2π/(3a), 2π/(3√3a)) and K’ = (2π/(3a), -2π/(3√3a)). These two Dirac points are crucial 
for deducing the electronic transport properties of graphene. Essentially most of the 
physics discussed is related to the carrier dynamics near the Dirac points, with a 
wavevector k « 2π/a. 
 
 
FIG. 2.1 (a) Schematic for the honeycomb structure of graphene with its inequivalent 
lattice sites A and B, the corresponding interpenetrating triangular lattices a1 and a2, and 
the nearest neighbour vectors δ1,2,3. (b) The Brillouin zone in reciprocal space, with 
Dirac cones located at the K and K’ points. Figure adapted from Ref. 2. 
 
Long before graphene was actually discovered, its band dispersion was already 
calculated by P. R. Wallace [8], J. W. McClure [9], J. C. Slonczewski and P. R. Weiss 
[10] between 1947 and 1958, using the tight-binding model by taking into account the 
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electron hopping terms up to the second-nearest neighbour. The formula for the band 
dispersion can be expressed as [2, 8]: 
𝐸±(𝑘) = ±√3 + 𝑓(𝑘) − 𝑡′𝑓(𝑘),                  (2.1) 






𝑘𝑥𝑎),        (2.2) 
where the plus (minus) sign in Eq. (2.1) corresponds to the CB π* (VB π), t (t’) is the 
hopping energy to the nearest (second nearest) neighbor. . The complete band structure 
is shown in Fig. 2.2. 
If the hopping to the second nearest neighbor is ignored, i.e. t’ = 0, we can see 
that the band dispersion becomes symmetric around zero energy. When we focus on the 
long wave energy dispersion near the two Dirac points, that is by taking |k| « |K|, the 
band structure can be obtained as [2, 8] 
𝐸±(𝑘) = ±ħ𝑣𝐹|𝑘| + 𝑂[(
𝑘
𝐾
)2],                 (2.3) 
where ħ is the reduced Planck constant, and vF ≈ 106 m/s is the graphene Fermi velocity. 
The most significant aspect of this energy band dispersion is its linearity as depicted in 
the zoom-in image of Fig. 2.2. The CB and VB touch each other at the K points, and 
no energy gap is present to separate them. Therefore, graphene is a zero band-gap semi-
metal with linear rather than quadratic energy dispersion for both types of carriers in 
the long wavelength approximation. A valley degeneracy factor gv = 2 is found because 
of the existence of two Dirac points at K and K’ where the electron and hole Dirac 
cones meet each other in the momentum space. 




FIG. 2.2 Band dispersion of graphene. The left side represents the entire energy band 
structure, while the right side zooms in to the energy band near the Dirac point. Figure 
adapted from Ref. 2. 
 
Due to the two inequivalent lattice sites A and B, a novel chirality in graphene 
carrier dynamics is induced. The two linear branches of the band structure become 
independent of each other, which indicates the presence of a pseudospin similar to real 
electron spin. 
The tight-binding Schrödinger equation for graphene carriers near the Dirac point 
has the form of [2] 
−𝑖ħ𝑣𝐹σ𝑥,𝑦 ∙ ∇𝜓 = 𝐸𝜓,                   (2.4) 
with Pauli matrices σx,y, and ψ is a pseudo-spinor wavefunction with time-reversal 
symmetry at K and K’. It is noted that Eq. (2.4) is actually the Dirac equation, with the 
exception that the spinor refers to the pseudospin in graphene rather than the real 
electron spin. Therefore, the points K and K’ are referred to as Dirac points. 
The density of states (DOS) in single layer graphene is proportional to energy E 




,                   (2.5) 
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where gs = 2 is the spin degeneracy. An important quantity is the density of states at the 





,                         (2.6) 




√𝑛.                    (2.7) 
 
2.3 Mobility in graphene 
Experimental transport measurements in graphene demonstrate very high carrier 
mobilities (µ*) at RT. Graphene on SiO2 substrate exhibits carrier mobility more than 
15,000 cm2V−1s−1 [11], with the possibility of reaching 40,000 cm2V−1s−1 [12]. Even 
higher mobility is found when the substrate is removed. In suspended graphene, the 
intrinsic carrier mobility up to 200,000 cm2V−1s−1 can be realized [12]. This 
significantly exceeds InSb, which is the inorganic SC with highest mobility known to 
date (around 77,000 cm2V−1s−1) [13]. 
The major scattering mechanism when graphene is placed on a substrate is the 
long range Coulomb disorder scattering or charge impurity scattering mechanism [14-
16]. The impurity scattering can successfully explain some observations in recent 
electrical transport experiments. The influence of Coulomb impurity scatterers on the 
conductivity of graphene was studied by J. H. Chen et al. [17] through adding potassium 
ions to graphene on purpose, then observing the theoretical limit induced by the 
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Coulomb disorder on the transport properties qualitatively. In the work of C. Jang et al. 
[18], the fine structure constant of graphene was tuned by depositing ice on the 
graphene sheet. It was observed the carrier mobility can be enhanced which tallies with 
the prediction of the Boltzmann theory on long range Coulomb disorder. A further 
evidence of impurity scattering in graphene is given by a drastic enhancement of carrier 
mobility when carrier scattering is reduced by current annealing or suspending the 
graphene [19, 20]. The carrier mobility can be calculated by considering the presence 
of Coulomb impurity charges which are distributed randomly on the graphene sheet. 
The interaction between electrons and impurity charges are screened by the 2DEG in 
the random phase approximation. The final expression for carrier mobility can be 




,                         (2.8) 
where e is the elementary charge of the electron, h is the Planck constant, and ni is the 
impurity concentration. 
Besides the long range Coulomb disorder effect, phonon scattering effects are 
important at high temperatures, especially at RT when inevitable lattice vibrations take 
place and become the dominate scattering factor for carrier transport. Phonon scattering 
is an intrinsic scattering mechanism of graphene, which means it can limit the carrier 
mobility even when all extrinsic sources of scattering are eliminated. The 




,                        (2.9) 
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where D is the deformation potential coupling constant. If follows that the acoustic 
phonon scattering induces a carrier mobility inversely proportional to T in graphene. 
Phonon scattering limits the RT graphene mobility to 200,000 cm2V−1s−1 at a 
typical carrier density of 1012 cm−2 [17]. The corresponding graphene resistivity is 
10−6 Ω cm, which is smaller than the resistivity of silver.  
 
2.4 Spin-orbit coupling in graphene 
2.4.1 Intrinsic spin-orbit coupling 
The graphene Dirac equation at the K points is already given by Eq. (2.4). This 
ideal picture is altered if we take into account the influence of spin-orbit coupling. The 
coupling can induce a gap in the energy dispersion, which becomes no longer linear. 
Nevertheless, the intrinsic spin-orbit coupling effect is shown to be very weak and the 
linear dispersion approximation is still valid in general. 
Spin-orbit coupling is an interaction between the electron spin and orbital degrees 




(∇𝑉 × ?⃗?) ∙ 𝑠,                 (2.10) 
where me is the effective electron mass, c is the electron speed in vacuum, V is the 
electric potential, ?⃗?  is the electron momentum vector, and 𝑠  is the spin vector. 
Because the electron orbits near the nuclei (s, p, d) have the most significant influence 
on the V, the crystal potential can be approximated using a spherical atomic potential. 
Through averaging the radial degree of freedom, the tight-binding spin-orbit coupling 
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〉𝑙 〈?⃗? ∙ ?⃗?〉𝜇,𝑣 ,                     (2.11) 
where 𝑠 is the vector for the Pauli matrices acting on the real electron spin, ?⃗⃗? is the 
operator for angular momentum. The matrix element 〈⋯ 〉𝑙;𝜇,𝑣 is given in the basis of 
l and µ,v which are the electron orbits {s, p, d,…}. 
𝑍𝛼2
4𝑟3
 is the angular momentum 
resolved spin coupling parameter, where Z is the atomic number, α is the fine structure 
constant, and r is the radius of the electron orbit. The evaluated spin-orbit coupling 
splitting for a specific electron orbit of a free standing atom scales with the fourth power 
of the atomic number. Therefore, the coupling strength in light carbon atoms (Z = 6) is 
much smaller than in other common SC atoms like Si (Z = 14) or Ge (Z = 32). 
In the case of graphene, the spin-orbit coupling can become even smaller than in 
a carbon atom. By taking into account the matrix elements of the operator ?⃗⃗? ∙ 𝑠 for the 
relevant orbitals in graphene crystal structure, the intrinsic spin-orbit interaction 
Hamiltonian in graphene can be expressed as [23] 
𝐻𝑆𝑂
𝐼 = ∆𝐼𝜏𝑧𝜎𝑧𝑠𝑧,                    (2.12) 
where ΔI represents the strength of spin-orbit interaction, τz = ±1 accounts for the valley 
degree of freedom to distinguish the K and K’ points, and sz is the z component of the 
Pauli matrix acting on the real electron spin. ΔI is very small in graphene when 
compared to other carbon materials. First of all, it is smaller than the characteristic spin-
orbit coupling of 2p electrons in isolated carbon atoms (around 6 meV [22, 24]) because 
electron momentum is confined within the planar sheet in graphene while orbital 
momentum is spherical inside a carbon atom. The spin-orbit interactions vanish if it is 
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projected onto the planar components of atomic π bands in graphene and only the z 
component is left as shown in Eq. (2.12). In addition, spin-orbit interaction in planar 
graphene is weaker than in folded graphene allotropes like CNTs [24-26]. An estimation 
of ΔI in graphene indicates a value around 1 μeV [22]. Ab initio based computations 
anticipate a value which ranges from 1 μeV to 50 μeV [27, 28]. Though there are 
discrepancies in estimating this coupling constant, it is already the fact that ΔI is small 
compared with other characteristic spin-orbit coupling scales. There has not been an 
experimental way to directly measure the accurate value of ΔI yet, but an upper limit of 
around 100 μeV is suggested [29]. 
 
2.4.2 Spin relaxation in graphene 
The intrinsic spin-orbit interaction induces spin relaxation by Elliot-Yafet 











,                        (2.13) 
where τs is the spin relaxation time and τ is the momentum relaxation time. It is observed 
that τs is proportional to τ, which is typical for the Elliot-Yafet relaxation mechanism. 
This is a natural behaviour, since spin relaxation only occurs through collisions in the 
Elliot-Yafet mechanism. Therefore, the spin and momentum relaxation rates have to be 
proportional. 
The theoretical τs obtained under the upper bound of ΔI is around 50 ns; if a 
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moderate value of ΔI = 10 μeV is used, the spin lifetime can reach microsecond range. 
This long spin lifetime can lead to a long spin relaxation length λG. In the diffusive 
transport regime, we have λG = √Dτs, where D is the diffusion constant. According to 
Einstein relation, D has a large value in graphene due to the high carrier mobility. When 
using a typical value of D = 3000 cm2V-1s-1 for graphene on SiO2 substrate, the 
corresponding λG exceeds 300 μm. However, the experimentally observed spin 
lifetimes and relaxation lengths are orders of magnitude smaller. Early Hanle spin-
precession measurements demonstrated spin lifetime in the range of 100 - 200 ps [1]. 
More recently, it was shown that contact-induced spin relaxation is detrimental to the 
spin lifetime, especially in transparent contacts [31]. A high quality pinhole-free oxide 
tunnel barrier between the FM and graphene can alleviate this problem and the longest 
spin lifetimes measured in single-layer graphene are around 0.5 ns with corresponding 
λG in the range of around 5 μm [32, 33]. Improvement is still being made, and λG in the 
order of hundreds of μm has been reported [34]. Such long spin relaxation lengths make 
graphene an ideal material for spintronics applications. 
 
2.4.3 Rashba spin-orbit coupling in graphene 
Though the intrinsic spin-orbit coupling in graphene is small, significant 
modulation of angular spin precession can still be achieved by an external electric field 
applied in perpendicular direction to the graphene plane through Rashba spin-orbit 
coupling, which is an essential requirement for realizing the spin-FET device. This 
Rashba spin-orbit coupling effect breaks the spatial inversion symmetry and alters the 
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graphene energy band. The electric field can arise from the gate bias, ripples or 
absorbates on the graphene sheet [35, 36]. This extrinsic spin-orbit coupling is 
investigated through integrating the electric field into the tight-binding Hamiltonian. In 
such a case, the perpendicular electric field can act on the planar component of the 
electron momentum and the external Rashba effect Hamiltonian can be found as [37] 
𝐻𝑆𝑂
𝑅 = ∆𝑅(𝜎𝑥𝜏𝑧𝑠𝑦 − 𝜎𝑦𝑠𝑥),                 (2.14) 
where ΔR is the parameter for the Rashba spin-orbit interaction strength.  
It is noted that the Rashba Hamiltonian contributes to both the Elliot–Yafet-spin 
relaxation and the Dyakonov–Perel spin relaxation mechanisms [38]. Nevertheless, the 
Elliot–Yafet mechanism is weaker than the Dyakonov–Perel mechanism inside a good 
conductor, i.e. when εFτ » 1, which is usually valid in graphene except when carrier 
densities is small. The spin relaxation rate of Dyakonov–Perel mechanism is estimated 
through simple physical arguments. Under weak spin-orbit coupling conditions, i.e. ΔR 
« ħ/τ, the charge scattering time τ is too short to resolve the small splitting of spin-orbit 
coupling. Electron spin relax by a process of random precessional walks on the spin 
Bloch sphere with step time τ and step length ΔRτ/ħ. Therefore, a non-equilibrium 





.                       (2.15) 
According to first-principles calculations in single layer graphene, ΔR depends 
linearly on the electric field and can be estimated to be around tens of μeV per 1 V/nm 
[24], which is very small. It can be concluded that Rashba spin-orbit interaction due to 
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normal electric field originating from an external gate-bias is not strong enough to be 
responsible for the smaller than predicted experimental spin lifetimes observed. 
Nevertheless, the random Rashba spin-orbit coupling because of ripples in 
graphene may be larger [39, 40]. Moreover, a significant enhancement in Rashba spin-
orbit interaction can be realized through covalent bonding with absorbates [36]. If an 
adatom or an impurity is absorbed on graphene, sp3 hybridization may occur which 
cause local distortion and charge transfer in the graphene sheet and induce spin 
splittings that are comparable to those values observed in zinc-blende semiconductors. 
Extraordinary large splittings more than 200 meV have been measured in graphene/Ni 
systems [41]. These findings suggest that Rashba induced spin-orbit coupling can be 
significantly enhanced by external factors, which ensures the feasibility of targeted spin 
modulation with sufficient angle precession. This is a vital factor for implementing 
graphene as the channel material in a spin-FET device. 
 
2.5 Edge magnetic ordering of graphene 
In the previous section, we have discussed the advantages of graphene as a non-
magnetic channel material. In addition to injection of spins into graphene, graphene 
ribbons can also be made magnetic through edge engineering. First-principles 
calculations reveal that electrical current can be completely spin polarized at the edge 
of a graphene nanoribbon, turning it into a half-metallic material [42-49]. It acts as a 
conductor for electrons with one spin orientation and insulator for electrons of the other. 
 Chapter 2 Physics of Graphene Spintronics 
40 
 
With proper polarization, graphene can be turned from a passive spin receiver into an 
active spin generator. Edge magnetic moments can be realized if one applies a 
homogeneous electric field across zigzag edges of the graphene nanoribbon, and its 
corresponding magnetic properties can be controlled by this electric field. 
 
 
FIG. 2.3 The calculated band structures of (a) armchair and (b) zigzag graphene 
nanoribbons. Figure adapted from Ref. 51. 
 
When the edge of a graphene layer is of zigzag shape, peculiar localized 
electronic states exist [50]. A flat band with twofold degeneracy at EF is formed by the 
localized edge states which exist in around one-third of the Brillouin zone away from 
the zone center [50, 51]. A better picture of this is given when we compare the band 
structure of armchair and zigzag graphene nanoribbon edges. Figure 2.3 (a) shows the 
band structures of armchair nanoribbons.  As expected, the lowest CB and the highest 
VB are found at k = 0. On the other hand, a new band structure feature arises for zigzag 
nanoribbons as shown in Fig. 2.3 (b). It is observed that the top of the VB and the 
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bottom of the CB are always degenerated when k = π at the vicinity of EF. This 
degeneracy already appears at |k| = 2/3π.  
 
 
FIG. 2.4 (a) Contour plots of the ferromagnetically ordered spin densities in an isolated 
zigzag graphene nanoribbon with open edges. Red and blue denote opposite spin 
orientations. The direction of an external electric field is indicated in the figure. Figure 
adapted from Ref. 52. (b) Left (right) panel shows the spin-resolved band structures of 
the nanoribbon without (with) and transverse electric field. Red and blue indicate α spin 
and β spin states, respectively. Figure adapted from Ref. 50. 
 
It is suggested that the edge ground state of the spin configuration across the 
graphene nanoribbon is of opposite polarity [50, 52, 53]. Total energy calculations for 
the magnetic ordering of the graphene nanoribbon reveal that the configuration shown 
in Fig. 2.4 (a) exhibits the lowest energy. The electrical spins are ordered 
ferromagnetically at each alternating lattice site (denoted as “a” and “b” in the figure) 
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and the spin at the two edges are of opposite directions in order to minimize the 
interedge interactions. The total spin is zero under such configuration. 
 
 
FIG. 2.5 DOS diagram of the electronic states of a graphene nanoribbon (a) without 
applied electric field and (b) with applied transverse field. Top: the occupied and 
unoccupied edge states on the left side are for α-spin and β-spin, respectively, and vice 
versa on the right side. Bottom: Schematic of the spatial spin distribution in the highest 
occupied VB. Figure adapted from Ref. 42. 
 
However, an external transverse electric field can induce a significant 
polarization at the edges. As shown in Fig 2.4 (b), when the electric field is applied, it 
is found that the gap closes for the valence and conduction edge states corresponding 
to one spin orientation which is denoted as β, while those corresponding to the other 
spin widen, which is denoted as α [42]. This can be explained as follows: Due to the 
fact that the spin states located at different sides of the nanoribbon are oriented in 
opposite direction, the influence of the external electric field on the energy shift is 
opposite, which means it moves the occupied and unoccupied β states closer, while it 
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moves the occupied and unoccupied α states further apart. As shown in Fig. 2.5, with 
increasing electric field, the electrostatic potential becomes higher (lower) on the right 
(left) side. The corresponding edge states on the right (left) side are shifted upwards 
(downwards), which results in only one spin state at the Fermi level. Thus, by applying 
an electric field of suitable strengths, the graphene nanoribbon is stimulated into a half-
metallic state. 
 
2.6 Spin injection into graphene 
2.6.1 Ferromagnetic/nonmagnetic junction 
Although half metallic properties are theoretically predicted in graphene, it has 
not been observed experimentally yet. Spin transport in graphene still relies on the 
process of spin injection. However, the spin injection efficiency from a FM to graphene 
is generally low without the aid of a contact barrier, just like spin injection from a FM 
into a semiconductor. In this session, we discuss the physics of spin injection and 
accumulation in FM/NM junctions with emphasis on the conductance mismatch 
problem. 
A FM/NM interface is considered and the spin injection and accumulation at the 
contact area is depicted in Fig. 2.6. Figure 2.6 (a) is a schematic of the spin injection 
process from a FM into a NM. Figure 2.6 (b) shows the electro-chemical potential 
splitting between the spin-up (+) and spin-down (-) bands with a spin accumulation of 
Δμ = (μ+ −μ−). Figure 2.6 (c) shows the variation of the current spin polarization 
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throughout the FM/NM junction.  
 
 
FIG. 2.6 (a) Schematic showing the spin injection process from a FM on the left into a 
NM material on the right. (b) When spin-polarized current from the FM reaches the 
interface, spin accumulation is generated. A splitting between the spin-up (+) and spin-
down (-) electro-chemical energies is induced and the spin accumulation is derived as 
Δμ = (μ+ −μ−). (c) The variation of the current spin polarization throughout the FM/NM 
junction. Figure modified from Ref. 54. 
 
As illustrated in Fig. 2.6 (a), on the left-hand side of the interface is the FM, and 
on the right-hand side is the NM material; the interface is at z = 0. Far away from z = 0 
on the left-hand side, the incoming current density (J) is larger in one of the spin 
channels because electrons are spin polarized in the FM. On the opposite side of z = 0 
and far from the interface, the current is depolarized in the NM. It follows that through 
this FM/NM junction, some electrons flip from the spin-up (+) channel into the spin-
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down (-) channel. This happens because spin-up electrons accumulate near the interface, 
resulting in a splitting between the spin-up and spin-down electro-chemical potentials 
(μ+ and μ-, respectively). This spin splitting drives spin-flip until it reaches an 
equilibrium state when the spin flip rate is able to balance the electron fluxes in the two 
channels. The difference between the spin-up and spin-down electro-chemical 
potentials (Δμ = μ+ - μ-) is called spin accumulation and the current polarization is 
defined as P* = (J+ - J-)/J. The time constant describing the current depolarization 
process is τs. Because the spin relaxation time is relatively long in the case of graphene, 
the accumulated spins diffuse far away from the interface and extend over a distance 
λG. 
The spin injection, accumulation and relaxation process is described by a spin 
and position-dependent electro-chemical potential along the FM/NM junction [55]. The 
electric field E* and the carrier density deviation δn± from its equilibrium value drive 
the spin current J±. Therefore, J± = σ±E* – eD±∇δn±, where σ± is the electrical 
conductivity and D± is the diffusion constant of electrons in the respective spin channel. 
By using δn± = N± δє± and σ± = e2N±D±, where N± is the DOS in the spin subband and 





) ∇µ±.                     (2.16) 
The continuity equation for charge and current in the steady state are ∇∙(J+ + J-) 
= 0 and ∇∙(J+ - J-) = -eδn+/τ± + eδn-/τ∓, where τ±(∓) is the spin relaxation time from spin 
+ (-) channel to spin - (+) channel. By making use of these equations and the balancing 
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of N+/τ+- = N-/τ-+, we can deduce [56-58] 
∇2(𝜎+𝜇+ + 𝜎−𝜇−) = 0,                  (2.17) 
∇2(𝜇+ − 𝜇−) = 𝜆
−2(𝜇+ − 𝜇−),               (2.18) 
where λ is the spin-diffusion length in the material of interest (λFM or λNM), and can be 
written as λ = √Dτs, where τs-1 = 1/2(τ+--1 + τ-+-1) and D-1 = (N+ D--1 + N- D+-1) / (N+ + 
N-). The parameters in NM are spin independent, that is σNM+ = σNM- = 1/2σNM, D+ = D-, 
whereas those in FM are spin dependent, that is σFM+ ≠ σFM- (σFM = σFM+ + σFM-), D+ ≠ 
D-. The general solutions to Eqs. (2.16) to (2.18) are given in Appendix A. 
The following boundary conditions apply to the interface at z = 0: (i) Continuity 
for the current densities J+ and J−. (ii) Discontinuity between the electro-chemical 
potentials at the z = z0
+ and z = z0
- sides as described by the following equation [59]: 
𝜇±(𝑧 = 𝑧0
+) − 𝜇±(𝑧 = 𝑧0
−) = 𝑒𝑟𝐶(1 ∓ 𝑃𝐽)𝐽±,        (2.19) 
where rC (1∓PJ) is the interface resistance-area product for the spin-up (down) current, 
PJ is the junction spin polarization coefficient with the assumption that the interfacial 
spin-flip at the contact is neglected, which means that there is no decay of polarization 
at the contact. Eq. (2.19) reveals that in transparent contacts (rC = 0) the electro-
chemical potentials are continuous at the interfaces, while in tunneling junctions (rC ≠ 
0) the electro-chemical potential is discontinuous and larger than the discontinuity of 
the spin splitting. 
The variation of the current densities and electro-chemical potentials throughout 
the FM-NM structure can be obtained by combining Eqs. (2.16) to (2.18), which gives 
the following results [59]: 




𝐹𝑀 = 𝑒𝜌𝐹𝑀(1 − 𝑝𝐹𝑀
2 )Jz ∓ 𝑄1[1 ∓ 𝑝𝐹𝑀] exp (
𝑧
𝜆𝐹𝑀
) + 𝑄2,      (2.20) 
µ±
𝑁𝑀 = 𝑒𝜌𝑁𝑀Jz ∓ 𝑄3 exp (−
𝑧
𝜆𝑁𝑀
),               (2.21) 
𝐽±




















),                (2.23) 
where ρFM(NM) is the resistivity of the FM (NM), rFM(NM) = ρFM(NM) × λFM(NM) is the 
characteristic spin resistance-area product of the FM (NM). The coefficients Q1,2,3 can 
be obtained from the boundary conditions Eq. (2.19). Attention is drawn to the variation 




.                     (2.24) 
It follows that with rNM ≫ rFM, which is the case for semiconductor or graphene paired 
with metal FM, the current spin polarization is very low without a contact resistance. 
The polarization coefficient will be large if rC ≥ rNM and equals to PJ when rC ≫ rNM. 
This criterion indicates that the lower boundary of the contact resistance only needs to 
be in the order the characteristic spin resistance of the NM. It does not need to be very 
large. As in the case of graphene spin valves, oxide tunnel contacts are usually larger 
than required and other kinds of spin selective junctions with lower resistances may be 
also suitable. 
The influence of the contact resistance on the spin injection efficiency can be 
understood as follows. When there is no contact resistance, the splitting of the electro-
chemical energy (Δµ = µ+ - µ-) due to the spin accumulation process takes the same 
value ΔµJ on both sides of the junction. Moving away from the junction plane, Δµ 
decreases exponentially with decay lengths λFM(NM) at the FM (NM) side. The 
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corresponding current polarization variations are calculated by integrating Eq. (2.19) 
with Δµ = ΔµJ exp(z/λFM) between -∞ and 0 for the FM, and with Δµ = ΔµJ exp(-z/λNM) 
between 0 and +∞ for the NM. This implies that the current spin polarization is 
proportional to the total amount of spin flips in FM and NM, respectively. Furthermore, 
from the calculation of these integrals, it is seen that the total amount of spin flips in 
FM and NM are, respectively, proportional to 1/rFM and 1/rNM. If NM is a 
semiconductor, we have rNM ≫ rFM, which means that significantly more spin-flips and 
a stronger current depolarization takes place in the FM than in the NM. Namely, the 
current already becomes completely depolarized as it crosses the FM-NM interface, 
like the situation depicted by the dashed curve in Fig. 2.7 (b) [60]. 
 
 
FIG. 2.7 (a) Spin accumulation in logarithmic scale and (b) current spin polarization at 
the interface between a FM metal and a semiconductor NM. The calculation has been 
carried out for FM as Co with rFM = 4.5 × 10
−15 Ω·m2 [62, 63], pFM = 0.46, and λFM = 60 
nm [62], and for NM as GaAs with rNM = 4.5 × 10
−9 Ω·m2 and λNM = 2 μm [61]. The blue 
solid lines are calculated with spin-dependent contact resistance of rC = rNM = 4 × 10
−9 
Ω·m2, PJ = 0.5, and the red dashed lines without contact resistance. Figure modified from 
Ref. 59. 
 
A contact resistance generates a discontinuous Δµ at the junction and induces a 
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much higher Δµ in NM than in FM. This can result in a more balanced amount of spin 
flips in FM and NM, which restores the current spin polarization at the junction and in 
the semiconductor. An example is given in Fig. 2.7 by taking Co as the FM and GaAs 
as the NM and with rC = rNM = 3 × 10
-9 Ω·m2 [61] and rFM = 6 × 10-15 Ω·m2 [62, 63]. It 
is shown that the contact resistance introduces a Δµ difference with 6 orders of 
magnitude between the GaAs and Co sides of the junction, which ensures the 
restoration of the current polarization. 
 
2.6.2 Ferromagnetic/nonmagnetic/ferromagnetic trilayer 
Having discussed the case for spin injection in an isolated FM/NM junction, we 
now turn to the spin transport process in a trilayer MR device composed of two FM 
layers with lateral size LFM sandwiching a NM layer with lateral size LNM, which is also 
equivalent to the local MR configuration. First, the case in which the magnetizations of 
the FM layers are antiparallel (AP) is discussed (see Fig 2.8 (a)). For the FM layer (A) 










),                  (2.26) 
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).                  (2.28) 
The coefficients µFM
AP and µNM
AP are determined by the continuity conditions of Eq. 
(2.19) at each interface. 
 




FIG. 2.8 Spin splits of the electro-chemical potential Δµ and current densities J± for a 
FM/NM/FM multilayer with spin-dependent scattering in the (a), (b) AP magnetization 
configuration, and (c), (d) P magnetization configuration. Figure adapted from Ref. 56. 
 
The resulting periodic variations of Δµ and J± are shown in Fig. 2.8 (a) and (b). 
The case with parallel (P) magnetization configuration for the FM layers is dealt with 
in a similar way, and the slight difference in the result is that the z dependence of ΔµNM 
becomes sinh[(z - zB)/λNM] instead of cosh[(z - zB)/λNM], while the z dependence of J± 
becomes cosh[(z - zB)/λNM] instead of sinh[(z - zB)/λNM], which results in the new forms 
of periodic variations of Δµ and J± as illustrated in Fig. 2.8 (c) and (d) [56]. 
The electric field E* is the gradient of the sum of the electro-chemical potentials 
of both spin channels divided by 2e and can be expressed as 








.                       (2.29) 
In both P and AP magnetization configurations, there is no contribution from the 
electro-chemical potential’s oscillatory part Δµ on the potential drop over long distance. 
Therefore, the one period equivalent resistance-area product is calculated by integrating 
E over z and dividing the results by J. The result yields [56]: 
𝑟(𝑃,𝐴𝑃) = 𝑟0 + 2𝑟𝑆𝐼
(𝑃,𝐴𝑃)
,                   (2.30) 
with 𝑟0 = (1 − 𝑝𝐹𝑀
2 )𝜌𝐹𝑀𝐿𝐹𝑀 + 𝜌𝑁𝑀𝐿𝑁𝑀 + 2(1 − 𝑃𝐽
2)𝑟𝐶,     (2.31) 
where r0 is the resistance of a NM layer in series with a FM layer, in the case when their 
thickness is much larger than their respective spin relaxation lengths, i.e. LFM(NM) ≫ 
λFM(NM). rSI is the spin-coupled interfacial part. There is a factor of 2 in front of rSI(P,AP) 
which originates from the two interfaces in a FM/NM/FM structure. From Eqs. (2.25) 
to (2.28) and their respective equivalent forms in the P magnetization configuration, it 

































































































.    (2.33) 
 
In the case of semi-infinite FM layers (LFM = ∞), the magnetoresistance-area product rs 



















.           (2.34) 
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The resistance-area product at parallel magnetization configuration of the electrodes is 
given as 
𝑟𝑝 = 2(1 − 𝑝𝐹𝑀
2 )𝑟𝐹𝑀 + 𝑟𝑁𝑀
𝐿𝑁𝑀
𝜆𝑁𝑀













.  (2.35) 
The situation is considered where the NM is a semiconductor or graphene (rNM 
≫ rFM), and no interface resistance is present (rC = 0). The magnetoresistance ratio 











.                    (2.36) 
Since the resistance mismatch factor rFM/rNM can be very small, e.g. in the case of Co 
(rFM = 4.5 × 10
-15 Ω·m2 [63]) and GaAs (rNM = 4 × 10-9 Ω·m2 [61]), the MR ratio is very 
small. 
On the other hand, in the presence of an interface resistance, Eqs. (2.34) and (2.35) 
show that a significant MR is restored in the range of rNM (LNM/λNM) ≪ rC ≪ rNM 







2,                         (2.37) 
can be reached when rC is roughly equal to rNM. 
When rC is increased well above rNM (λNM/LNM), Eq. (2.34) shows that rS saturates 
at a value of 4pFM
2rNM (λNM/LNM). However, rP continues to increase, which means that 







≪ 1.                   (2.38) 
Figure 2.9 shows the relationship between the MR signal with respect to the ratio 
between rC and rNM. The ratio rFM/rNM is taken to be 0.012 which simulates the case of 
Co and graphene. λNM/LNM is assumed to be 0.1 for typical local spin valve devices with 
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graphene as the channel material. The three regions corresponding to rC ≪ rNM 




FIG. 2.9 Calculated MR ratio of a FM/NM/FM trilayer plotted as a function rC/rNM. 
rFM/rNM is taken to be 0.012 which simulates the case of Co and graphene. λNM/LNM is 
assumed to be 0.1. 
 
2.6.3 Non-local spin valve 
In this sub-section, spin detection is discussed in association with a multi-terminal 
spin valve device as shown in Fig. 2.10 [55]. It consists of a NM connected to two FM 
electrodes, the injector FM1 and detector FM2. The spin polarized current is injected 
from FM1 and extracted on the left-hand side of the NM. The spin splitting is probed 
by measuring the spin-dependent voltage V2 between FM2 and the right terminal of NM 
at distance L from the injection side. V2 depends on the magnetization alignment of 
FM1 and FM2. Such a measurement configuration is called a non-local MR geometry. 





FIG. 2.10 Basic structure of a non-local spin injection and detection device where the 
bias current density J is separated from the detection terminal. 
 
By solving Eqs. (2.16) - (2.18) with the boundary conditions of Eq. (2.19), the 
spin-dependent voltage V2 is obtained as [55] 
𝑉2
𝐽

























2 ) − exp (−
2𝐿
𝜆𝑁𝑀
)]−12𝑖=1 ,  (2.39) 
where positive and negative value correspond to the P and AP alignment states, and rCi 
(i = 1, 2) is the contact resistance-area product at FM1/NM and FM2/NM interface. The 
spin accumulation signal is detected as the voltage change ΔV = (V2P - V2AP) = 2|V2| and 
the resistance-area product change rs = ΔV/J can be obtained when the electrode’s 
magnetizations change from the P to AP alignment. 
Depending on the contact, the following cases can be found:  

















.                (2.40) 
Here we can see that rs is proportional to rFM/rNM, which can be very small. 
(2) One of the contacts is transparent and the other is a tunneling contact, i.e. rC1 ≪ rFM 
≪ rNM ≪ rC2, 













).              (2.41) 





).                  (2.42) 
It follows that rs is proportional to rNM and it is independent of the FM resistance in the 
case when both contacts are tunnel contacts. Therefore, the conductance mismatch is 




FIG. 2.11 Calculated MR signal of a non-local spin valve plotted as a function rC/rNM. 
rFM/rNM is taken to be 0.012 which simulates the case of Co and graphene. λNM/LNM is 
assumed to be 0.1. 
 
Figure 2.11 shows the relationship between the non-local MR signal rs as a 
function of the ratio between rC and rNM with the same rNM/rNM and λNM/LNM parameters 
as the previous section. It is clearly demonstrated that significant non-local MR signal 
can be restored with sufficiently large rC. Nevertheless, rs does not increase with rC 
infinitely. Instead, it will saturate to a value depending on rNM. 
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2.7 Metal/graphene contact 
In the preceding section, it is learned that contact plays a crucial role in the spin 
injection from FM to graphene and a contact barrier of an appropriate height is 
necessary. A tunnel barrier is preferred for clear non-local signal; however, the barrier 
cannot be too high since it will quench the local MR signal, increase power 
consumption, and limit the operation frequency. Oxide tunnel contacts usually exceed 
the upper resistance boundary. Therefore, we focus on metal/graphene contacts in this 
work. 
 
2.7.1 Physisorption and chemisorption interface 
In general, there are two types of metal/graphene contacts: a physisorption 
interface preserving the graphene band structure [64-66], or a chemisorption interface 
with orbital hybridization [67]. A physisorption interface does not form chemical 
bonding and preserves graphene’s intrinsic π-band structure, but a chemisorption 
interface forms metal carbide bonding and disturbs graphene’s electronic band structure 
through a strong hybridization of metal’s d-orbital and graphene’s π-orbital.  
Figure 2.12 illustrates the band diagrams for junctions formed between metal/SC, 
metal/metal, and metal/graphene in (a), (b) and (c), respectively. If a metal and a SC 
are brought into contact under closed circuit conditions, carrier transport between these 
two materials cause the Fermi level on both sides of the junction to align under 
equilibrium. This can build up either a Schottky barrier (shown in the figure) or an 
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Ohmic contact depending on the doping and workfunction conditions. In the case of a 
Schottky barrier, a depletion region Wdp is induced on the SC side due to the low carrier 
concentration. On the other hand, there is no potential barrier present at the metal/metal 
junction because the large carrier concentration is able to screen out any charge transfer 
occurring at the contact. 
 
 
FIG. 2.12 Energy band diagrams for (a) metal/semiconductor (Schottky barrier case), 
(b) metal/metal, and (c) metal/graphene junctions (p-doped graphene case). Figure 
modified from Ref. 68. 
 
Next, we consider the case for a metal/graphene junction, which is an 
intermediate situation between metal/metal and metal/SC contact as graphene has a zero 
bandgap and is treated as a semi-metal. The amount of charge transfer decreases 
gradually away from the interface of the junction. Though the small DOS around EF for 
graphene increases the screening length as compared to the metal, the depletion region 
inside graphene is much smaller than that of the SC. This charge depletion region is 
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unique to the metal/graphene interface. EF can be shifted significantly by a small 
amount of charge transfer. It is shown that a lowering of EF by 0.47 eV is induced by 
0.01 electrons per carbon atom [69]. However, the Fermi level shift ΔEF does not equal 
the direct workfunction difference between the metal and graphene ΔΦMG = ΦM - ΦG. 
Instead, the metal/graphene interaction induces a dipole layer with a potential 
difference of ΔV at the interface. The complex workfunction of the metal/graphene 
hybrid system can be described as ΦC = ΦM - ΔV. Therefore, ΔEF in graphene is 
determined by this complex workfunction rather than the free standing metal 
workfunction and ΔEF = ΦC - ΦG. 
 
 
FIG. 2.13 Schematic of the band diagram of the metal/graphene interface with the 
illustration of the parameters which are implemented in the planar capacitance model. 
Figure adapted from Ref. 70. 
 
The crucial potential difference can be divided into two parameters ΔV = Δtr + Δc. 
Here, Δtr accounts for the charge transfer contribution driven by the difference of ΦM 
and ΦG without considering the metal/graphene interaction. Δc accounts for the charge 
transfer originating from the metal/graphene chemical interaction. A plane capacitor 
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model is implemented to model the contribution of the charge transfer as shown in Fig. 
2.13 [70]. It follows that Δtr = CNzd, where N represents the number of electrons per 
unit cell which are transferred from graphene to the metal, and zd represents the distance 
between the graphene and the metal charge sheets. zd is smaller than the actual atomic 
distance between metal and graphene d as the majority of the charge is situated between 
the graphene sheet and the metal surface. Therefore, zd = d - d0, where d0 is a constant. 
The planar capacitance of the model can be obtained as C = e2/ε0A = 34.93 eV/Å, where 
ε0 is the permittivity of vacuum, and A = 5.18 Å2 is the unit cell area.  
By integrating the graphene DOS which can be found in Eq. (2.5), a simple 
quadratic relation between N and ΔEF is obtained: N = ±D0ΔEF2/2, where 𝐷0 =
𝑔𝑠𝑔𝑣
2𝜋(ħ𝑣𝐹)2




,               (2.43) 
where the positive and negative sign of ΔEF tallies with the sign of ΦM - ΦG - Δc. The 
parameters d0 and Δc are only weakly dependent on the type of metal and can be 
determined by fitting Eq. (2.43) with the simulation results from first-principles 
calculations based on the density functional theory (DFT). DFT results are obtained by 
fixing the planar lattice constant of graphene to its lowest energy value when adapted 
to the metal lattice constants. Details can be found in Ref. 70. The obtained d0 and Δc 
can be used as standard parameters to calculate ΔEF in graphene for various types of 
metal. 
G. Giovannetti et al. [70] and many other studies [71-74] have calculated the 
binding energy and the atom separation and categorized the metal/graphene interface 
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into two categories. Physisorption interfaces have binding energy smaller than 0.04 eV 
per carbon atom, and the separation of metal-carbon atoms is around 3.3 Å. 
Chemisorption interfaces have stronger binding energy of around 0.1 eV per carbon 
atom and the atom separation is also smaller, usually under 2.3 Å. 
 
 
FIG. 2.14 The metal/graphene binding energy (upper panel) and the metal/graphene 
atomic distance of different metals (lower panel). The metal/graphene interface can be 
divided into two categories: Physisorption and chemisorption interface. 
 
In Fig. 2.14, the different complex workfunctions formed with various metals 
together with parameters such as the atomic distance, binding energy and type of doping 
exerted on graphene are summarized from corresponding literature. 
Among the common metals listed in Fig. 2.14, Al, Ag, Cu, Au, Pt, Ag exhibit 
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physisorption contacts which is accompanied with relatively small binding energies. 
This can form high contact resistances with graphene. However, if we consider the fact 
that Cu is highly spin preserving when paired with common FM like NiFe or Co 
because of excellent matching of majority spin bands, the most regarded metal to form 
an interfacial spin filter would be Cu. It is noteworthy to mention that Ni, Fe and Co 
form physisorption interfaces with graphene, thus, none of them are suitable for the 
formation of a high contact resistance. 
 
2.7.2 Experimental values of contact resistivity 
Although the junction property depends on the type of metal and the associated 
bonding nature and charge transfer, the experimental contact resistivity values from 
various studies differ from each other even for the same kind of metal. This 
inconsistency reflects that external parameters play an important role defining the 
contact resistivity. 
Up to date, it has been shown that the contact resistivity depends highly on the 
type of metal but the value is inconsistent even with the same metal according to 
different studies. Other factors such as metal deposition method and environment [75, 
76], the quality of graphene [77], whether the graphene is chemically doped [78, 79] or 
on which kind of substrate it is deposited [80] also play crucial roles. Table 2.1 
summarizes the contact resistivity for various metals.  
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TABLE 2.1 List of contact resistivity of various metals on graphene from literature. 
Metal Resistivity Remarks Ref. 
Ti 10 Ω μm2 
10-70 kΩ μm 
2 kΩ μm 
250-800 Ω μm 
O2 plasma treatment 
Forming gas annealed 
N.A. 





Pd 13 Ω μm2 
110 Ω μm 




Ni 12 Ω μm2 
800 Ω μm2 
670 Ω μm 
O2 plasma treatment 
N.A. 




Cu 1.3 kΩ μm2 
3 kΩ μm2 




Pt 12 Ω μm2 
900 Ω μm2 




W 100 Ω μm2 N.A. [85] 
Cr 5 kΩ μm 
7 kΩ μm 
N.A. 
Forming gas annealed 
[85] 
[81] 
Co 390 Ω μm 
600 Ω μm 








It is noted that different resistivity units are involved. This is because the current 
transfer path from the metal into graphene has not been revealed clearly yet. K. 
Nagashio et al. argued that current tends to crowd at the contact edge before entering 
graphene [81] due to the small resistivity inside metal as compared to that of the 
graphene channel. However, in real applications the current is not entirely crowded 
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along the edge line of the contact. Instead, there is an effective contact distance, i.e. 
transfer length. For Ti electrodes this transfer length is determined to be about 1 μm 
[68]. If the electrode width is larger than 1 μm, current crowding limits the current 
injection area to the edge, while in cases where the electrode width is smaller than 1 
μm, the current is distributed over the entire area. Therefore, regarding the perspective 
of carrier injection with or without current crowding, the contact resistivity can either 
be expressed in Ω μm or Ω μm2. 
In addition, the surface quality of graphene has a vital effect on the contact 
resistivity. For example when the graphene is subjected to an oxygen plasma treatment 
before metal deposition, residue on the surface can be removed. Though this process 
might cause defects to the graphene, it enhances the metal/graphene contact when the 
dose is controlled properly, and the contact resistance can be decreased by 6000 times 
as shown by Ref. 77. A forming gas annealing procedure can also improve the contact 
quality and the resistivity is reduced. 
Despite the large discrepancies among different experimental studies, it is clear 
that Cu exhibits one of the largest contact resistivities. Even when subjected to an O2 
plasma treatment, its contact resistivity is more than three orders of magnitude larger 
than that of Ni at similar conditions, and significantly larger than that of untreated Co. 
This is in agreement with the theoretical prediction, which confirms the potential of Cu 
to form a contact barrier to aid spin injection. 
 




In this chapter, some physical background of the spin-orbit coupling and edge 
magnetic moment of graphene is discussed, which suggest that graphene is a suitable 
channel material for spin valve devices. However, through studying the spin injection, 
diffusion and detection process, it is clear that in order to enhance the performance of 
graphene as a spin channel, adding a contact barrier between the FM electrode and 
graphene in both local and non-local geometry is vital. This contact barrier, however, 
is not necessarily an oxide tunnel layer. Different types of contacts have been 
successfully implemented like vacuum barriers [92], Schottky barriers [93], and 
resonant double barriers [94]. Thus, the inclusion of a proper contact barrier into the 
spin valve device ought to be a soluble problem with a high resistivity metal/graphene 
contact. Cu has been identified as a potential candidate because of its small binding 
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CHAPTER 3 ELETRICAL TRANSPORT MEASUREMENTS OF 
METAL/GRAPHENE CONTACTS 
3.1 Introduction 
As has been discussed in the previous chapter, one of the key factors in realizing 
graphene-based spintronics lies in the FM/graphene contact. An ideal contact should 
have a reasonably high contact-resistance to alleviate the conductance mismatch 
problem but at the same time the contact resistance should not be too high otherwise it 
may pose problems in low-power and high-frequency applications. In view of these 
requirements, we have conducted a comparative study of Co (or NiFe)/graphene and 
Co (or NiFe)/Cu/graphene contacts in order to study the feasibility of Cu interfacial 
layer as a contact barrier of moderate height for improving the spin injection efficiency 
without resorting to highly resistive oxide barriers. 
 
3.2 Sample fabrication 
3.2.1 Mechanical exfoliation of graphene 
Graphene can be fabricated by many different methods; the commonly used 
techniques include mechanical exfoliation [1], chemical vapor deposition [2], epitaxial 
deposition [3], chemical reduction [4], etc. During the last few years, rapid advances 
have been made in both chemical and physical deposition of graphene sheets on both 
metal and SiC substrates, which now allows to synthesize graphene sheets with a 
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quality comparable to those obtained from mechanical exfoliation from natural graphite. 
Nevertheless, mechanical exfoliation is still the most straightforward way to obtain 
high-quality graphene sheets without the need of using costly growth facilities. All the 
graphene sheets used in this study were obtained from mechanical exfoliation of natural 
graphite as shown in Fig. 3.1.  
 
FIG. 3.1 Mechanical exfoliation of graphene. 
 
Natural graphite flakes (99.9 % carbon content) of about 1 cm2 in size (NGS 
Naturgraphit GmbH, Germany) were used as the source material. Although highly 
oriented pyrolytic graphite can also be used, natural graphite is preferred because of its 
high crystallinity. SiO2 (300 nm in thickness) on heavily n-doped Si wafer with a size 
of 1 cm  1 cm was employed as the substrate. The SiO2 layer was introduced to 
facilitate identification of single-layer graphene using an optical microscope (e.g., P. 
Blake et al. [5]). The actual thickness was calibrated using atomic force microscope 
(AFM). 
Figure 3.2 shows typical AFM images for (a) single layer, (b) bilayer and (c) 
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trilayer graphene. The ideal thickness of a single graphene layer is 0.34 nm. 
Considering the measurement errors, a graphene sheet with a thickness between 0.3 nm 
to 0.5 nm is considered as single layer, 0.6 nm to 0.9 nm as bilayer and 1.0 nm to 1.3 
nm as trilayer. The cross section of the single layer, bilayer and trilayer graphene are 
shown in Fig. 3.2 (d), (e) and (f), respectively. The corresponding thickness is 0.42 nm, 
0.81 nm and 1.24 nm, respectively. Graphene samples are usually contaminated by the 
Scotch tape residues and foreign particles in ambient environment. Therefore, a 30 
minutes annealing in N2 environment was performed to remove the residues.  
 
FIG. 3.2 AFM images of (a) single layer, (b) bilayer and (c) trilayer graphene. Measured 
thickness is 0.42 nm, 0.81 nm, 1.24 nm, respectively, as depicted in the cross section in (d), (e), 
(f). 
 
3.2.2 Patterning and deposition of electrodes 
After the graphene sheets were obtained, they were fabricated into devices using 
the lift-off process, as summarized in Fig. 3.3. To pattern electrodes onto graphene, a 
Microtech laserwriter system with 405 nm laser wavelength was employed. The 
advantage of this system is that it combines detection of graphene flakes and patterning 
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in one step and there is no need to use markers to align electrodes with pre-placed 
graphene sheets. This greatly increases the efficiency of device fabrication. In addition, 
because there are less fabrication steps involving photoresist, contamination can be 
minimized. For pattern formation, a bilayer resist consisting of PGMI SF2 and negative 
resist Microposit S1805 was used. 
 
FIG. 3.3 The sample fabrication process. 
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Bi- or trilayer graphene was chosen due to the advantage of few-layer graphene 
over single layer graphene in spintronic applications [6-8]. Four electrodes were 
defined on a single graphene sheet, which are 2, 1.4, 1, and 2.2 μm wide, respectively. 
The difference in width was necessary to provide distinct coercivities. The distances 
between the four electrodes were 2, 0.8, and 2 μm, respectively. The middle gap had to 
be smaller than the spin relaxation length of graphene for the device to exhibit spin 
valve signals. A distance of 0.8 μm was chosen because it is approaching the resolution 
limit of the laserwriter, and this is sufficient as λG exceeds 1.5 μm at RT [9]. Figure 3.4 
shows a sketch of the device geometry with the electrode and gap sizes indicated. An 
image taken with an optical microscope is also included. 
 
FIG. 3.4 (a) Schematic of the device with dimensions indicated. (b) An optical 
microscope image of the actual device. 
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In order to investigate the influence of the contact on the spin injection 
performance, different types of contacts were fabricated, one with a Au/Co (or 
NiFe)/Cu/graphene structure and the other with a Au/Co (or NiFe)/graphene structure. 
They represent the physisorption and chemisorption interfaces, respectively. The 
thicknesses of Cu (if applicable), Co (or NiFe) and Au capping layers were 1.5 - 5 nm, 
30 nm, and 2nm, respectively. The thin Au layer on top was implemented to prevent 
Co (or NiFe) from oxidizing. As discussed in Section 2.7, beside the influence of the 
kind of metal which is contacting graphene, the quality of the graphene sheet 
underneath the electrode is also an important factor to affect the contact resistance. 
Therefore, both evaporation and sputtering have been used to fabricate electrodes. From 
previous studies, it is known that sputtering causes damage to graphene [10, 11]. 
However, the damage is mostly confined to one graphene layer since only a small 
fraction of the sputtered particles have sufficient energy to cause atomic displacements 
in the graphene structure [12-14]. In the present study, we used few layer graphene; 
therefore, the damage, if any, should be confined to the surface layer. Once the damage 
caused by sputtering is controlled within a certain range, it is worth investigating the 
difference between electrodes formed by evaporation and sputtering because the 
contact characteristics might be different between electrodes formed by these two 
different methods. 
Overall, four types of devices have been fabricated with the same geometry and 
dimension but different electrode materials and deposition methods as shown in Fig. 
3.5. 




FIG. 3.5 Schematic of the four types of devices. (a), (b) The Type I and II devices were 
fabricated by evaporation with and without the Cu interfacial layer, respectively. (c), 
(d) The Type III and IV devices were fabricated by sputtering with and without the Cu 
interfacial layer, respectively. 
 
3.3 Experimental setup 
In order to study the electronic properties of different types of contacts, Ids-Vds 
and dIds/dVds characteristics of the fabricated devices have been measured both in UHV 
at room temperature and in a variable temperature cryostat. The former was carried out 
in an Omicron UHV system with a base pressure in the order of 10-11 mbar. The UHV 
environment avoids unwanted contamination and graphene doping and thus it is able to 
find the intrinsic Dirac points of the samples. The temperature dependence of the 
dIds/dVds and contact resistance was measured in a liquid helium (LHe) cryostat with 
variable temperature down to 4.2 K. 




FIG. 3.6 (a) Schematic of the setup for Ids-Vds and dIds/dVds measurements. 
Measurements were carried out under UHV environment in an Omicron nanoprobe 
system and under low temperature in a LHe cryostat. (b), (c) Schematic of the two 
terminal and four terminal measurement connections, respectively. The latter was used 
for measuring the contact resistance. 
 
A schematic of the experimental setup is shown in Fig. 3.6 (a). The Ids-Vds 
characteristics were obtained using a DC current generated by a Keithly 6221 current 
source and voltage was measured by a Keithly 2182A nanovoltmeter. The differential 
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conductance was measured using standard lock-in technique with a Stanford Research 
Systems SR830 DSP lock-in amplifier. The AC current with a frequency of 183 Hz was 
generated by a second Keithly 6221 current source. The back gate voltage was applied 
with a Keithley 4200 semiconductor characterization system. As shown in Fig. 3.6 (b), 
for the two probe measurements of Ids-Vds and dIds/dVds, current was applied between 
the two inner electrodes 2 and 3, which are 0.8 µm away from each other. Voltage was 
probed at the same electrodes. In order to obtain the contact resistance, two steps were 
required. First, the total resistance Rtotal was measured using the two probe method. 
Then, a four probe measurement was used as shown in Fig 3.6 (c) to obtain the channel 
resistance RCh. The voltage between the two middle electrodes 2 and 3 was probed while 
the current was applied through the two outer electrodes 1 and 4. The contact resistance 
(RC) can be obtained from the relation RC2 + RC3
 = Rtotal - RCh - RE2 - RE3, where RE2 and 
RE3 are the conductance of the two middle electrodes (including the lead wires). It is 
assumed that current crowding occurs when electrons travel from metal into graphene 
and the current path is concentrated at the edge of the contact instead of the whole area 
[15]. Therefore, RC is determined by the width of the contact and the respective values 
for the electrodes can be obtained according to their width ratio. The product of RC and 
the corresponding contact width gives the contact resistivity ρC. The gate bias was 
applied on the heavily n-doped side of the substrate. 
After the transport measurements, the thickness of the graphene sheet was 
determined through AFM measurements. 
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3.4 Experimental results 
3.4.1 Evaporated Co/Cu/graphene and Cu/graphene devices 
We first discuss the results of Cu contacted samples. Multiple samples have been 
fabricated and measured, but to avoid redundancy, we only show the typical results. 
The thickness of graphene was around 1.2 nm, which means that it is a trilayer graphene. 
In the UHV environment, without the doping effect of ambient oxygen and nitrogen, 
the Dirac point of the graphene is heavily negative-shifted to VDirac = -78 V as shown 
in the inset of Fig. 3.7 (a), which means that the graphene is n-doped. This is presumably 
caused by the in-situ SEM imaging inside the UHV chamber (graphene samples from 
Section 3.4.1 to 3.4.3 were subjected to SEM imaging). This n-doping should not affect 
our experimental results, since we focus on the Ids-Vds linearity of the device. The 
overall resistivity of this sample, which includes two contacts and the graphene channel, 
is 2200 Ω at the Dirac point. The carrier mobility of this sample is calculated to be 978 
cm2V-1s-1. 
 
FIG. 3.7 (a) Ids plotted against Vds at various VG for the Type I device. The different 
color codes and symbols represent data measured at different VG. Inset: Field emission 
transport (FET) characteristics of the sample showing the Dirac point at -78V. (b) 
dIds/dVds curves plotted as a function of Vds and VG. 
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Figure 3.7 (a) shows the Ids-Vds curves at different gate bias (Vg = -80V to -10V). 
An obvious non-linearity is observed in this Ids-Vds curve. There is a suppression of 
current at small bias, whereas at larger bias, the magnitude of current increases rapidly 
to maximum 1.5 mA. Further increase of bias will likely break the sample. Actually, 
when a broken sample is examined under a scanning electron microscope (SEM), we 
can see that it is the electrode which breaks while the graphene channel is not affected 
by the large bias. This indicates that the graphene channel is capable of carrying larger 
currents. If the positive part of the Ids-Vds curve at VDirac is fitted with a second order 
polynomial Ids = A·Vds
2 + B·Vds + C, we obtain a ratio between the second order and 
first order parameter, which is A/B = 0.16 for this sample.  
To further analyze the carrier injection process, the differential conductance of 
the sample was measured as shown in Fig. 3.7 (b). Selected dIds/dVds curves from VG = 
-10 V to VG = -80 V (VDirac) are plotted as a function of applied Vds and VG. The non-
ohmic nature of the contact is also manifested as the differential conductance takes a 
clear “V” shape. 
Next, a Type II sample with direct Co/graphene contact fabricated by e-beam 
evaporation was measured. Confirmed by AFM, the thickness of the graphene was 0.82 
nm, which falls in the range of bilayer graphene. The FET resistance vs. VG curve for 
this device is plotted in the inset of Fig. 3.8 (a). The Dirac point is found to be at -28V, 
which means the graphene is n-doped, but not as heavy as the previous Type I sample. 
The peak resistivity at VDirac is 2110 Ω, which is smaller than the previous sample, even 
though the graphene is thinner. This is presumably caused by a smaller contact 
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resistivity. The mobility of this device is 1121 cm2V-1s-1, somewhat higher than the 
previous sample. 
 
FIG. 3.8 (a) Ids plotted against Vds at various VG for the Type II device. The different 
color codes and symbols represent data measured at different VG. Inset: FET 
characteristics of the sample showing the Dirac point at -28V. (b) dIds/dVds curves 
plotted as a function of Vds and VG. 
 
The Ids-Vds characteristics are plotted in Fig. 3.8 (a). Compared to the Type I 
sample, it is more linear which is also inferred from the dIds/dVds curves in Fig. 3.8 (b). 
Though the differential conductance curves still exhibit a “V” shape, the difference 
between minimum conductance Gmin and maximum conductance Gmax is much smaller 
than in the Type I sample. From the second order polynomial fit we can obtain the ratio 
between the second and first order parameter to be A/B = 0.10, which is smaller than 
the Type I sample. These factors suggest that the Co-contacted graphene device is more 
ohmic than the Cu-contacted counterpart. 
The difference of transport properties between the Cu/graphene and Co/graphene 
contacts can be explained the difference in atomic bonding at the interface as discussed 
in Section 2.7. The physisorption bonding between Cu and graphene will lead to a 
higher contact potential barrier than the chemisorption Co/graphene interface.  
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3.4.2 Sputtered Co/Cu/graphene and Co/graphene devices 
In the following session, the effect of sputtering on graphene is presented. Both 
the sputtered Type III and Type IV samples were made from bilayer graphene with a 
thickness of 0.77 nm and 0.8 nm, respectively. The transport measurement results are 
shown in Fig. 3.9. As shown in the inset of Figs. 3.9 (a) and (c), Type III and Type IV 
samples have Dirac points of -20 V and -90 V, which means both are n-doped. The 
resistivity at Dirac point is 1820 Ω for the Type III sample which is smaller than the 
previous Type I and II samples. The Type IV sample has resistivity of 1020 Ω and is 
smallest amongst all. The carrier mobility of the Type III and IV samples are 1336 
cm2V-1s-1 and 2038 cm2V-1s-1, respectively, and are larger than the Type I and II samples. 
 
FIG. 3.9 (a), (b) Ids-Vds and dIds/dVds characteristics of the Type III device at various 
VG. (c), (d) The same graphs for the Type IV device. 
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The Ids-Vds and dIds/dVds curves are shown in Figs. 3.9 (a) to (d). The sputtered 
Type III sample exhibits slight non-ohmic behavior, but compared to the evaporated 
Type I sample, the contact is much more transparent. The corresponding A/B = 0.071. 
On the other hand, the sputtered Type IV sample shows almost linear Ids-Vds 
characteristics and constant dIds/dVds, which means the contact is most transparent 
compared to the other types of samples. The corresponding A/B = 0.054. As sputtering 
induces defects into graphene, the contact barrier is presumably lowered by local atom 
displacements and dislocations. 
 
3.4.3 Comparison among the four types of devices 
A more quantitative comparison between these four samples is given in Fig. 3.10 
(a) in which the ratio between the differential conductance at Vds = 1.5 V (G1.5) and zero 
bias (Gmin) is plotted against |VG - VDirac|. The first feature to be noted is that Type I 
device has a larger ratio than others in the entire range. Moreover, G1.5/Gmin increases 
with increasing |VG - VDirac| in Type I device, but it is almost independent of VG for the 
rest. This indicates that for the Co/Cu/graphene device, there is a moderate coupling 
between Vds and VG. This coupling causes the Ids-Vds non-linearity to vary with the gate 
bias. 
As indicated in Fig. 3.10 (b), the overall resistance is the sum of RC and RCh in 
series. The contact resistance is the origin of the Ids-Vds non-linearity while the graphene 
channel resistance exhibits linear Ids-Vds characteristics. RC of the Type I device is the 
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largest among all four types of devices. In fact, it is found to be in the same range as 
RCh. When RCh is decreased by increasing |VG - VDirac|, the non-linear influence of the 
contact becomes more pronounced; therefore, the overall non-linearity increases. On 
the other hand, for the other three types of devices, RC is much smaller than RCh. Thus, 
even if the latter is biased outside the graphene neutrality point and becomes smaller, it 
still dominates over the contact. Therefore, the contact induced non-linearity does not 
have significant influence on the overall resistance at any VG. 
 
 
FIG. 3.10 (a) Back gate bias dependence of the conductance ratio taken at Vds = 1.5 V and zero 
bias for each type of device. Square, circle, triangle, and diamond represent data for the Type I 
device, Type II device, Type III device, and Type IV device, respectively. (b) Schematic of Rc 
and RCh in series. (c) Statistics of the contact resistivity ρC of the four types of samples. 
 
In addition to the two-terminal transport measurements, four-terminal 
measurements were carried out to obtain ρC. The contact resistivity enables a direct 
comparison among the contact natures of the different samples. A summary of all the 
samples fabricated in our work is shown in Fig. 3.10 (c). It is clear that Type I samples 
with evaporated Cu/graphene contacts exhibit the highest ρC, while other types show 
smaller values. Especially the samples of Type IV, which consist of sputtered 
Co/graphene contacts have significantly lower ρC. This is in agreement with the 
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findings that the Cu interfacial layer can increase the contact barrier, and sputtering 
decreases the contact barrier. 
 
3.4.4 Low temperature measurements of evaporated devices 
To further analyze the Cu/graphene contact barrier, we carried out the electrical 
transport measurements at variable temperatures for a Type I sample with an evaporated 
Cu thickness of 1.5 nm. The mobility of this device under RT is 832 cm2V-1s-1. 
 
FIG. 3.11 (a) Conductance vs. Vds at various temperature from 250 K down to 4.2 K 
for the Type I sample with 1.5 nm thick Cu interfacial layer. The gradual formation of 
the dip at low Vds is seen. (b) The conductance of the graphene channel at various 
temperatures. The curves show a maximum change of 2% between high and low Vds. 
(c) The contact conductance at various temperatures. It is seen that the dip at low Vds 
originates from the contact and not the channel. The conductance curves in this figure 
are vertically offset for clarity, except for the lowest one in each panel. 
 
The two-probe total dIds/dVds (including contact and channel), the channel 
conductance (GCh), and the contact conductance (GC) at different temperatures are 
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shown in Fig. 3.11. While at high temperatures the two-terminal dIds/dVds curves have 
similar shapes as the sample previously measured in UHV environment, a dip at low 
Vds appears below 110 K onwards and tends to sharpen with decreasing temperature. 
This feature is repeatable in multiple Type I devices but are not seen in any Type III and 
IV devices. 
We have also performed the four-probe measurements to obtain the contact 
conductance so as to separate the contact contribution from that of the channel. Figures 
3.11 (b) and (c) show the channel (Gch) and contact conductance (GC), respectively, 
plotted against Vds. The first to notice is that GC shows a similar dip as the two-terminal 
dIds/dVds at low bias while GCh is almost constant. This is expected because GCh is 
determined by the carrier density inside the graphene channel and in principle does not 
vary with applied Vds. There is still a small dip observed in GCh at low bias, which is 
attributed to the equipment inaccuracy of the experimental setup. The voltage meter is 
connected to the inner electrodes, which also feature Cu/graphene contacts. This may 
give some non-ideal effects due to current leakage issues, but the difference between 
the GCh maximum and minimum is only ~2% as compared to the ~300% change of GC. 
Therefore, it is confirmed that the conductance dip at low temperature originates from 
the contact. As temperature drops, thermal emission of carriers is weakened, and if Vds 
is also low, electrons do not have sufficient energy to overcome the contact potential 
barrier, and the dip is formed near the Fermi-level [16]. In fact, it is found that this 
potential barrier can increase the contact resistance to values comparable with the 
graphene channel resistance. RC is in the range of 900 Ω at large Vds and the contact is 
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rather transparent, while at zero bias, it increases to around 2500 Ω, making it similar 
to the channel resistance. This is very important to alleviate the conductance mismatch 
problem since the spin polarization coefficient at the contact will be large if and only if 
the contact resistance-area product satisfies rC ≥ rNM, as explained in Section 2.6.2. 
 
 
FIG. 3.12 Temperature dependence of the contact resistivity of Type I samples with 
Cu thickness of (a) 1.5 nm, (b) 2.5 nm, and (c) 3.5 nm, respectively. The corresponding 
contact potential barrier height obtained from fitting the experimental data with Eq. (3.1) 
are shown inside each panel. Squares denote experimental data and the solid line is the 
fitting curve. 
 
Figure 3.12 shows the dependence of zero bias contact resistivity ρC on 
temperature (T). In order to allow direct comparison among different samples, the 
contact resistance is converted into resistivity by multiplying it with the width of the 
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contact. The contact potential barrier can be estimated by fitting the experimental data 
with the following model. The transport through a non-ohmic contact is determined by 
three main mechanisms: (1) thermal emission across the contact barrier, (2) quantum-
mechanical tunneling through the barrier, and (3) diffusion through pinholes at the 
interface. The thermal emission current is given by JE ∝ exp(-ΦB/kBT)[exp(Va/kBT)-1], 
where ΦB is the contact barrier height, kB is the Boltzmann constant, and Va is the 
applied voltage; therefore, the zero-bias conductance due to thermal emission can 
approximated by GE ∝ exp(-ΦB/kBT)/T. On the other hand, quantum-mechanical 
tunneling is less dependent on T. As for diffusion involving only phonon scattering [17], 
the conductance can be approximately given by GD ∝ 1/(T+C), where C accounts for 
the finite resistance when T is very low. In the sample under investigation, the diffusion 
may come from the “pinholes” in the thin Cu layer which allow for a direct contact 
between graphene and Co. By taking to account these three processes, contact 










,                    (3.1) 
where Q1,2,3 are constants representing the relative contribution of the three mechanisms. 
The experimental data for the 1.5 nm Cu sample shown in Fig. 3.12 (a) can be fitted 
well by the equation: RC = 312.7/[(79.6/T)exp(-376/T)+0.523/(0.00512T+12)+0.042]. 
This gives a contact barrier height of 33 meV. Comparing the individual conductance 
values of the three transport mechanisms, GD and GT are similar in magnitude 
throughout the T range. On the other hand, GE approaches zero at 0 K and becomes 
larger than GD and GT at 144 K and 148 K, respectively. Therefore, it can be concluded 
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that at low T, the major mechanisms contributing to the conductance are diffusion and 
tunneling, while at higher T, thermal emission has more significant impact. The 
estimated contact barrier height of 33 meV is much smaller than that of tunnel contact 
with an oxide barrier which is typically over 1 eV [18]. One reason for this low value 
of contact barrier height lies in the small Cu thickness of 1.5 nm which presumably 
does not form a continuous layer, leaving gap for pinholes. Through these pinholes, the 
FM comes in direct contact with graphene and common FM like Co, NiFe are known 
to form chemisorption bonding [19, 20] which lowers the contact barrier. Thus, it would 
be interesting to see whether an increase in the Cu interfacial layer thickness can lead 
to an increase of the contact barrier height. 
For this purpose, a series of samples incorporation a Cu thickness of 2.5 nm and 
3.5 nm were fabricated. It is noted that in this batch, in the more commonly used NiFe 
is employed as the FM layer instead of Co. This should not affect the results since both 
Co and NiFe form chemisorption interfaces with graphene [19, 20]. The electrode 
dimension and graphene thickness remain the same. Figs. 3.12 (b) and (c) show the 
contact resistivity-temperature dependence of devices with 2.5 nm and 3.5 nm, 
respectively. By fitting the experimental data with Eq. (3.1), the potential barrier height 
at the contacts is determined to be 45 meV and 41 meV to 45 meV for the 2.5 nm and 
3.5 nm samples, respectively. An increase over the 1.5 nm Cu sample is observed when 
the thickness is raised to 2.5 nm, which indicates a better film coverage and less 
pinholes in the latter case. The negligible difference between 2.5 nm and 3.5 nm Cu 
thickness implies that 2.5 nm is thick enough to cover graphene conformably and an 
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even thicker Cu would not further increase the average barrier height. 
 
3.4.5 Low temperature measurements of sputtered devices 
To analyze the effect of sputtering on graphene, low temperature transport 
measurements were also performed for Type III and IV devices. The Dirac point 
resistances for the Type III and IV samples are 5880 Ω and 7250 Ω, respectively, at RT. 
 
FIG. 3.13 (a), (b) Contact conductance plotted as a function of Vds from 250 K down 
to 4.2 K for the Type III and Type IV sample, respectively. For clarity, the curves are 
vertically offset, except for the lowest one. (c), (d) Contact resistivity plotted as a 
function of temperature for the Type III and Type IV sample, respectively. 
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The corresponding contact conductance data for a series of temperatures are 
shown in Figs. 3.13 (a) and (b) for the Type III and IV sample, respectively. Similar to 
measurements under UHV, the Type III sample with sputtered Cu/graphene contacts 
displays a subtle non-ohmic characteristic below 110 K, though the magnitude of the 
dip is rather small when compared to the Type I device. On the other hand, there is 
generally no dip observed in the GC curves for the Type IV sample, indicating that it 
has a transparent Co/graphene contact. Slight fluctuations are observed at low 
temperature, which are presumably caused by O2 and N2 doping inside the non-vacuum 
chamber of the cryostat. 
The contact resistivity is plotted as a function of temperature in Figs. 3.13 (c) and 
(d). The contact potential barrier in the Type III device, albeit reduced, still causes a 
slight resistivity decrease with rising temperatures of around 17% from 4.2 K to 250 K, 
but this is rather small when compared to the 45% - 106% for the Type I devices. On 




Through a series of electrical transport measurements, it is determined that Type 
I samples with evaporated Co/Cu/graphene contacts exhibit the most non-ohmic 
transport behavior among the four types of devices studied. Depending on the Cu 
thickness, it possesses a potential barrier at the contact varying from 33 meV to 45 meV 
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which can raise the contact resistance to the same range as the graphene channel. This 
may help alleviate the conductance mismatch problem between the FM and graphene, 
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CHAPTER 4 MR MEASUREMENTS OF GRAPHENE SPIN 
VALVES WITH A Cu INTERFACIAL LAYER 
4.1 Introduction 
In Chapter 3, it was confirmed that a potential barrier of moderate height does 
exist at the evaporated Co/Cu/graphene interface. In this chapter, MR transport 
measurements were carried out at low temperature to examine the effectiveness of this 
barrier for facilitating spin injection into graphene.  
 
4.2 Measurement methodology 
The scanning electron micrograph of an actual spin valve device is shown in Fig. 
4.1 (a). Spin-injection and transport measurements were carried out using a non-local 
geometry as already discussed in Section 2.6.3 due to its advantage in signal to noise 
ratio since the current injection electrodes are separated from the voltage detection 
electrodes. The measurement temperature was 4.2 K unless otherwise mentioned. As 
shown in Fig. 4.1 (b), the spin current was injected in electrode 3 and extracted from 4, 
while the voltage was measured by electrode 1 and 2. In such a way, no voltage was 
measured in the absence of spin transport, indicating no charge current. This separation 
of charge and spin current makes the non-local technique less sensitive to device 
resistance fluctuations and spurious MR effects as opposed to the standard two-probe 
spin valve technique.  




FIG. 4.1 (a) SEM image of the graphene spin valve device. (b) Schematic of the non-
local spin valve configuration. A current I flows from electrode 3 to electrode 4, while 
the voltage difference is picked up between electrodes 2 and 1. This is equivalent to the 
geometry discussed in Section 2.6.3. (c) Schematic of electron spin injection and 
diffusion when the electrodes are in P configuration. Injection of spin up electrons at 
electrode 3 induces spin-up accumulation underneath electrode 3, together with a deficit 
in the spin-down channel. Due to the spin relaxation process, the spin density decays 
exponentially within the spin relaxation length and a positive non-local resistance is 
probed between electrode 1 and 2. (d) Electron spin injection and diffusion for AP 
magnetization configurations. The voltage detectors measure opposite spin channels, 
which give a negative non-local resistance. Figure (b) – (d) adapted from Ref. 19. 
 
The non-local resistance RNL is defined to be the voltage measured between 
electrode 1 and 2 divided by the current injected from electrode 3. When the 
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magnetization of electrode 2 and 3 are in P configuration as in Fig. 4.1 (c), both 
detectors sense the spin-up chemical potential and the resulting RNL = RP is positive. 
On the other hand, if electrode 2 and 3 are in AP configuration as in Fig. 4.1 (d), 
electrode 2 senses the chemical potential of the spin-down current while electrode 1 
senses the spin-up part. In this case, RNL = RAP becomes negative and the magnitude is 
larger than in P configuration. The spin valve signal is given by RS = RP - RAP. 
 
4.3 Experimental results 
4.3.1 Background resistance 
During the non-local MR measurements on graphene spin valves, a small 
background resistance reported to be present due to charge current spreading from the 
injector to the detector [1]. The magnitude of this background resistance for two Type 
I samples with 1.5 nm Cu thickness at 4.2 K is plotted against VG in Fig. 4.2, and it can 
be seen that it weakly depends on the graphene channel resistance with smaller values 
near VDirac (VDirac is situated near VG = 0). 
Overall, the background resistance is small, ranging from 1.9 Ω to 2.5 Ω (2.7 Ω 
to 3.5 Ω) for the first (second) device. It should be pointed out that the presence of a 
background resistance at this magnitude diminishes any spurious effects of the 
electrodes’ AMR on the non-local MR measurements since typical AMR values of a 
few permil cannot induce a change in the background resistance which is large enough 
to influence the non-local RS. 




FIG. 4.2 Background resistance plotted against gate bias of (a) the first and (b) second 
1.5 nm Cu Type I sample. 
 
In order to fully exclude the possibility that the non-local MR signal comes from 
the electrodes’ AMR, the latter was measured separately for both the injector and 
detector through a three probe method where solely the current flowing through the 
electrode of interest is probed by the voltmeter (configuration shown in the insets of 
Fig. 4.3). The AMR data for the injector and detector of the two devices are shown in 
Fig. 4.3 (a), (b) and (d), (e), respectively. It can be seen that the field of the minimum 
resistance for both electrodes do not coincident with the one for the non-local signal. 
The wider detector exhibits a smaller field while the narrower injector a larger field. In 
addition, the shape of the AMR signal is different from the non-local MR curves. It 
shows a peak near zero field which could not be observed in the non-local MR (the 
origin of which will be discussed later). From these differences, we can confirm that 
the influence of the electrode AMR on the non-local signal is negligible. 
 




FIG. 4.3 (a), (b), (c) show the AMR signal of the injector, detector, and the non-local MR of 
the first Type I sample. (d), (e), (f) show the same set of data for the second Type I sample. 
Inset of (a) and (b) show the measurement configuration for the AMR signals, which also 
applies to (d) and (e), respectively. 
 
4.3.2 Devices with different Cu thickness 
Figure 4.4 (a) and (b) show the non-local MR curves for two Co/Cu/graphene 
samples with 1.5 nm Cu thickness at 4.2 K obtained with various VG. In these devices, 
the background resistance is subtracted and the curves are offset for clarity. The Dirac 
point of the graphene channel is measured to be around VDirac = 3 V (5 V) for the first 
(second) sample and the gate bias is swept from VG = -40 V to +40 V. A change of RNL 
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from positive (RNL = RP) to negative (RNL = RAP) can be observed after the external field 
B crosses 0 in both sweeping directions. This is due to the magnetization configuration 
of the middle electrodes which changes from parallel to anti-parallel with respect to 
each other. The switching fields are around ±6 mT and ±10 mT (±1.3 mT and ±3 mT) 
for the first (second) sample. It is noted that the transition is not sharp for the first 
sample because of the relatively large electrode width. Also, there might be a slight 
misalignment of the electrodes with the field direction during the measurements. The 
second sample, in contrast, has better defined electrode shapes and is accurately aligned 
in parallel with the field. It can be seen that the non-local signal shows a minimum at 
VDirac and increases when VG moves away from VDirac for both samples. At VG = 0 V, RS 
= 165 mΩ (150 mΩ), while at VG = -40 V and +40 V, RS = 265 mΩ and 253 mΩ (286 
mΩ and 273 mΩ) can be measured for the first (second) sample, respectively. 
 
FIG. 4.4 (a), (b) Non-local MR curves obtained at various VG for two Type I devices with 1.5 nm 
Cu thickness. A constant background is subtracted and the curves are offset for clarity. (c) Spin valve 
signal of the two Type I devices for forward magnetic sweep (square), backward sweep (circle), and 
average (triangle) plotted against VG. The fitting curve is shown as black solid (dotted) line for the 
first (second) Type I device. The curves are offset for clarity. Inset: FET response of the graphene 
channel resistance. Solid (dotted) line for the first (second) Type I device. 
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Next, Type I samples with Cu thickness of 2.5 nm, 3.5 nm, and 5 nm were 
measured. Figure 4.5 shows typical results for samples with a Cu thickness of (a) 2.5 
nm, and (b), (c) 3.5 nm, respectively. Similar trend of RS vs. VG is observed as shown 
in Figs. (d), (e) and (f), with smallest RS at VDirac and larger RS outside the Dirac point. 
However, the magnitude of RS is increased as compared to the sample with Cu thickness 
of 1.5 nm. The 2.5 nm Cu sample exhibits RS ranging from 261 mΩ to 455 mΩ 
depending on VG, while the first (second) 3.5 nm Cu sample exhibits RS ranging from 
328 mΩ to 502 mΩ (207 mΩ to 438 mΩ). 
 
 
FIG. 4.5 Non-local MR curves obtained at various VG for the Type I samples with Cu 
thickness of (a) 2.5 nm, (b) 3.5 nm (first sample), and (c) 3.5 nm (second sample). It 
should be noted that a background resistance of 1.1 Ω to 2.2 Ω is subtracted and the 
MR curves are vertically offset for clarity. Experimental (diamond) and fitted (solid 
line) spin valve signal plotted against VG for the samples with Cu thickness of (d) 2.5 
nm, (e) 3.5 nm (first sample), and (f) 3.5 nm (second sample). 
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In order to confirm the role of the Cu interfacial layer, Co/graphene Type II 
control devices without Cu were measured at the same conditions. They did not show 
any MR signals in both local and non-local measurement configurations, despite having 
clear AMR signals from the electrodes. This further indicates that the Cu/graphene 
interface is promising for enhancing the spin injection efficiency from metal to 
graphene. 
Figure 4.4 (c) and Figs. 4.5 (d) – (f) show the relationship of RS and VG of the 
perspective devices while their graphene channel resistance RCh is plotted as a function 
of VG in the inset of Fig. 4.4 (c). It can be inferred from the data that RS is negatively 
correlated with RCh. As discussed in Section 2.6.3, spin injection and detection in 
mesoscopic structures is highly dependent on the nature of the FM-NM contact. If the 











,                  (4.1) 
where RFM = λFM/σFMAFM and RNM = λNM/σNMANM are the spin transport characteristic 
resistances in FM and NM, AFM(NM) is the cross-section area, σFM(NM) is the conductivity 
of FM (NM), and L is the channel length of NM, respectively. RNM can be rewritten as 
RNM = λNMRCh/L. Therefore, in transparent junctions, one has RS ∝ RCh-1. On the other 
hand, in the case of a tunneling contact [2],  
𝑅𝑆 = 𝑃𝐽
2𝑅𝑁𝑀𝑒
−𝐿/𝜆𝑁𝑀.                  (4.2) 
Therefore, in this case, one has RS ∝ RCh. If the contact falls in the intermediate region 
and satisfies the following conditions: (i) RCi ≫ RFM, (ii) λNM ≫ L, and (iii) 
(𝑅𝐶2+𝑅𝐶3)𝑅𝑁𝑀
1−𝑃𝐽




,              (4.3) 
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it is found that the RS-RCh correlation follows a monotonically decreasing linear 











𝑅𝐶ℎ.            (4.4) 
where RCi (i = 2, 3) is the contact resistance of the two junctions, which in this 
experiment come from electrode 2 and 3. The derivation of this equation can be found 
in Appendix B. Note that as long as λNM ≫ L, the influence of L on Rs may be ignored. 
PJ can be determined from RS, which is an indication of spin injection efficiency. 
In the case of Cu/graphene contact, it is found that the experimental data cannot 
be fitted well with Eq. (4.1), suggesting that it is not a transparent contact. Instead, it 
falls more closely to the intermediate regime as it satisfies the aforementioned three 
conditions as analyzed below for the first 1.5 nm Cu Type I sample: (i) RC1 and RC2 
(1065 Ω at zero DC bias) are much larger than RFM ( around 37 mΩ as σFM  =  8.1106 
Ω-1m-1 and λFM = 9 nm [4]); (ii) L = 0.8 μm, which is smaller than λNM of graphene (2.5 
μm - 3 μm) [5]; and (iii) RC1+RC2 = 2130 Ω, which is much larger than RCh (165 Ω - 
910 Ω); the first inequality of Eq. (4.3) is easily satisfied even when we let PJ = 0. As 
for the 2nd inequality of Eq. (4.3), if λNM is assumed to be 3 μm [5], it holds for VG 
between ±30 V, though Rs may be overestimated at larger back gate biases. A fitting of 
the experimental data for the first Type I device with Eq. (4.4) yields RS = 0.333 - 
0.000184RCh. The slight discrepancy at large VG is due to the abovementioned reason. 
This fitting yields a contact resistance of 899 Ω which agrees fairly well with the 
measured data. The spin polarization PJ is determined to be 1.92% for this device at 4.2 
K. For the other samples, the three conditions are found to be also valid. The respective 
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parameters of interest are listed in Table 4.1. A fitting equation RS = 0.475 - 
0.000302RCh is obtained for the second 1.5 nm device which gives a PJ of 2.46%. 
 
TABLE 4.1 A comparison for experimental zero bias RC measured at 4.2 K, RC obtained 
through fitting, and experimental RCh for graphene spin valves with various Cu interfacial 
layer thickness. 
 Cu 1.5nm #1 Cu 1.5nm #2 Cu 2.5nm #1 Cu 2.5nm #2 Cu 3.5nm #1 Cu 3.5nm #2 
RC (exper.) 1065Ω 1120Ω 581Ω 1280Ω 570Ω 471Ω 
RC (fitted) 899Ω 785Ω 440Ω 932Ω 557Ω 460Ω 
RCh 265-910Ω 498-1107Ω 390-740Ω 510-1440Ω 202-590Ω 221-627Ω 
PJ 1.92% 2.46% 6.1% 8.4% 3.8% 3.6% 
 
The corresponding numerical equations for the 2.5 nm Cu device is RS = 1.644 - 
1.884  10-3RCh while the ones for the two 3.5 nm samples are RS = 0.71113 – 6.38  
10-4 RCh and RS = 0.6479 - 7.04  10-4RCh, respectively. This yields a PJ of 6.1% for the 
2.5 nm Cu sample and 3.8% (3.6%) for the first (second) 3.5 nm Cu sample. Other 
samples that are not shown here include a 2.5 nm Cu sample measured at 150 K which 
exhibited a spin polarization of 8.4%. However, this sample was damaged before we 
could perform further measurements at lower temperatures. These PJ values are 
significantly higher than those with 1.5 nm Cu obtained previously and suggest that Cu-
contacted graphene spin valves with an optimum Cu thickness provide a significant PJ 
boost as compared to devices with direct FM/graphene contacts which have PJ around 
1.3% [6]. The highest PJ obtained is even comparable to some graphene spin valves 
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with low-impedance tunnel contacts [7-9]. On the other hand, the measured ρC, in the 
range of 2410 Ω µm to 2963 Ω µm, is several orders of magnitude smaller than those 
of oxide tunnel barriers that usually range from 10 kΩ µm to over 100 kΩ µm [5, 8, 9]. 
The advantage of the Cu/graphene junction is that the contact potential barrier is 
partly introduced by the interface dipole. Although pure electrical measurement is 
unable to separate the dipole contribution from others, the nature of the dipole-induced 
barrier is different from the conventional insulating tunnel barrier. The dipole is formed 
due to charge transfer at the interface, and it is thinner than the usual insulating barrier. 
This presumably lowers the spin-flip probability when electrons pass through this 
narrow region. In addition, the thickness of the dipole is self-limiting and does not 
depend on the thickness of the contact-forming material, while the insulating barrier 
may fluctuate with uneven thickness of the oxide, which can further cause spin 
relaxation due to ripples. In this sense, dipole-induced potential barriers might favor 
spin-conserved transport from metal to graphene, and exhibit comparable spin injection 
efficiencies at much lower contact resistivity than tunnel barriers. 
Although the spin injection efficiency increases with the Cu thickness from 1.5 
nm to 2.5 nm, PJ begins to decrease when the Cu thickness exceeds 2.5 nm and is hardly 
observable at 5 nm. Several samples with 5 nm thick Cu layer have been checked for 
MR at low T, but none of them showed a measureable spin valve signal. The decrease 
of spin valve signal in 3.5 nm Cu samples and the absence of signal in the 5 nm Cu 
samples are presumably due to factors that are not directly related to the Cu/graphene 
interface, since the contact potential barrier height of 2.5 nm to 5 nm Cu have equivalent 
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values of 45 meV as discussed in Section 3.4.4. Apparently, the origin of MR decrease 
is related to other factors. 
In this work, Cu was deposited by e-beam evaporation onto graphene at RT which 
typically leads to a polycrystalline structure, as evident in the transmission electron 
micrograph (TEM) shown in Fig. 4.6 (a). We have chosen a relatively thick graphene 
sample to make it clear under TEM observation. Atop the graphene sheets is the 
NiFe/Cu as a polycrystalline structure with irregular grain size and boundaries. The Cu 
and NiFe layers cannot be distinguished well under TEM because of the similar atomic 
numbers of Cu, Ni and Fe. 
 
 
FIG. 4.6 (a) Cross section TEM image of a sample with Cu thickness of 2.5 nm. (b) 
Depth profile obtained by SIMS analysis of the Au/NiFe/Cu/graphene stack. 
 
In order to confirm the location of the Cu layer, secondary ion mass spectrometry 
(SIMS) analysis was carried out and the result is shown in Fig. 4.6 (b). This graph 
shows that the Cu layer lies between NiFe and graphene and its thickness is around 2.5 
nm, which confirms that the polycrystalline structure in the TEM image indeed contains 
Cu. It should be noted that the thickness of NiFe and Au layer is not accurate in the 
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SIMS analysis as the tail effect distorts the depth profile. 
The AFM images of Cu with different thicknesses grown on graphene are shown 
in Fig. 4.7. For a thickness of 5 nm, irregular clusters and spikes are frequently observed. 
This subsequently leads to a rough interface and intermixing between Cu and NiFe. 
Apart from the rough interface, it also forms more irregular grain boundaries in the 
polycrystalline structure. On the other hand, AFM image of the 2.5 nm thick Cu exhibits 
a smoother surface, which can be attributed to good wetting during the initial stage of 
Cu growth on graphene. Therefore, a smoother interface is formed with NiFe with less 
pronounced grain boundaries. When the Cu thickness is further reduced to 1.5 nm, Cu 
becomes discontinuous, causing the graphene underneath to be exposed.  
 
 
FIG. 4.7 AFM images of e-beam evaporated (a) 5 nm, (b) 2.5 nm and (c) 1.5 nm Cu on 
graphene. The corresponding cross section with the thickness indicated is shown in (d), 
(e), (f), respectively. 
 
The spin relaxation in Cu is reported to follow the Elliott-Yafet mechanism, with 
spin relaxation time (τsf) given as the product of elastic scattering time (τe) and a 
 Chapter 4 MR Measurements of Graphene Spin Valves with a Cu Interfacial Layer 
108 
 
constant a (spin-flip probability) [10, 11]. Furthermore, τe can be decomposed into two 
distinct contributions originating from phonon (τeph) and defect scattering (τedef), with 
spin-flip probabilities of aph and adef, respectively. Defects in this case include 
impurities, grain boundaries and surface roughness. According to Matthiessen’s rule, 
we have (τsf)-1 = aph (τeph)-1 + adef (τedef)-1, where the second term is sensitive to the 
crystalline structure. Therefore, the large interface roughness and disorders due to grain 
boundaries would adversely affect the spin signal in samples with a thick Cu spacer 
layer.  
Besides the polycrystallinity of Cu, current shunting effect may also quench MR. 
Previous studies of pseudo spin valves with a FM/Cu/FM structure shows reduction of 
MR with increasing Cu thickness as current would concentrate more heavily inside the 
spacer layer because of its higher conductivity as compared to the FM [12]. Though our 
device structure is different from pseudo spin valves, current shunting effect is still 
present, as evident from the simulated current path dependence on Cu thickness shown 
in Fig. 4.8. 
 
FIG. 4.8 (a) Current density simulation at the NiFe/Cu/graphene contact region with 
Cu thickness of 2.5 nm (a) and 5 nm (b). The color scale represents the normalized 
current density. Note that the NiFe and graphene layers extend beyond this figure. 
 Chapter 4 MR Measurements of Graphene Spin Valves with a Cu Interfacial Layer 
109 
 
The simulation was carried out in ANSYS 10.0 using typical conductivity values 
for Cu (1.5  1010 Ω-1m-1), NiFe (8.1  106 Ω-1m-1), and graphene (6.1  104 Ω-1m-1). It 
is noted here that the thickness of graphene is taken into account to make the units 
comparable. The current density is represented by color scale with red corresponding 
to higher values and blue to lower ones. It is observed in Fig. 4.8 (a) that after the 
current flows from NiFe into Cu in the sample with a Cu layer thickness of 2.5 nm, it 
readily starts to crowd at one side of the contact. Most of the electrons do not retain a 
long transfer path in Cu as they travel in a vertical direction. On the other hand, when 
the Cu thickness is increased to 5 nm as shown in Fig. 4.8 (b), current does not crowd 
at the edge of the contact immediately. There is a part beneath NiFe where electrons are 
distributed over the entire region of Cu before they converge to the junction edge. This 
means that electrons have to travel a longer distance in Cu. The spin relaxation length 
of bulk Cu is around 1 μm at 4.2 K (this value becomes smaller for thin layer Cu [13]), 
and the widths of electrodes in this work are larger than 1 μm. Therefore, the spin 
relaxation probability during the current injection process increases when the Cu layer 
thickness becomes higher. This gives an idea of how PJ can be increased further in our 
devices. Though current crowding is present, there is a transfer threshold width over 
which the electrons are injected into graphene. By decreasing the electrode width below 
the threshold value, electrons coming from NiFe tend to have a shorter, more vertical 
path through the Cu layer, and spin relaxation inside Cu could be alleviated.  
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4.3.3 MR dependence on DC bias 
In addition to the Cu layer thickness we also investigated the effect of DC bias on 
MR. In the results discussed above all measurements were done without DC bias, but 
once a small DC bias current of 50 µA is applied, MR immediately becomes smaller as 
shown in Fig. 4.9. This data is obtained from the 3.5 nm Cu device. When the DC bias 
reaches 600 µA, RS saturates at only 20% to 30% of its initial value. This trend is 
observed for various VG. At first glance, one may attribute this to the temperature 
heating effect. However, further examination of the RS dependency on T which is 
depicted in the inset of Fig. 4.9 reveals that current induced heating alone is not 
sufficient to cause an MR decrease of such a magnitude, as room temperature MR is 
still as large as 60% of the its value at 4.2 K. 
 
 
FIG. 4.9 Spin valve signal plotted against DC current bias at VG = -40 V (square), 0 V 
(circle), 20 V (triangle). Inset: Spin valve signal plotted against temperature. 
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Instead, an alternate explanation is that DC excitation causes electrons to gain 
enough kinetic energy to overcome the moderate contact barrier induced by Cu on 
graphene. When Eq. (4.4) is used for MR fitting to calculate the respective RC and PJ 
at various DC biases, it is found that RC tallies well with the experimental values as 
shown in Fig. 4.10. At zero bias, RC is highest as electrons do not have enough energy 
to overcome the contact barrier, and it decreases when electrons gain more kinetic 
energy at a finite DC bias. The calculated data of RC is slightly higher than the measured 
values, which can be attributed to the incomplete satisfaction of the prerequisites to Eq. 
(4.4). The right inequality in Eq. (4.3) requires RCh ≫ RC √2L/λG, which is valid in a 
certain range of VG only and when VG is far from the Dirac point, this assumption would 
become inaccurate. During the fitting, we tried to match the calculation at all VG with 
the experimental data, which can lead to an overestimation of RC. 
 
FIG. 4.10 Contact resistance obtained from fitting with Eq. (4.4) (line with square) and 
actual measurement (solid line) plotted against DC current bias. Inset: Spin injection 
efficiency plotted against DC current bias. 
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Nevertheless, the results still demonstrate clearly that the reason of the MR 
decrease with increasing DC bias is the excitation of electrons over the Cu/graphene 
contact barrier. Considering the fact that the barrier at Cu/graphene interface is 
presumably caused by the interface dipole, the DC bias should mainly cause heating 
effect instead of change in barrier height. Higher energy electrons injected into the 
graphene channel are subjected to rapid thermalization which causes spin relaxation 
and consequently, the spin injection efficiency drops. This is evident as PJ decreases 
from its initial value of 3.6% until saturating at around 2.1% at a DC bias of 700 µA, 
as shown in the inset of Fig. 4.10. 
 
4.4 Spin lifetime and injection efficiency comparison with literature 
4.4.1 Spin lifetime 
Next, we present Hanle spin precession measurements for a device with 2.5 nm 
thick Cu at 4.2 K. For this purpose, the sample was first magnetized in plane to ensure 
the electrodes were in parallel magnetic configuration. Anti-parallel configuration 
could not be obtained since the widths of the electrodes were relatively large and 
coercivities were not well defined. 
 




FIG. 4.11 (a) Hanle precession curves at various VG. It should be noted that the 
background resistance is subtracted and the curves are vertically offset for clarity. (b) 
Fitting curve (solid line) of the measured Hanle data (diamond) at VDirac = 30 V and the 
corresponding spin lifetime and diffusion constant obtained. (c) Spin lifetime (square) 
and diffusion constant (triangle) extracted from fitting of Hanle curves at various VG. 
 
By applying an out-of-plane field, electrons would start to precess with a Larmor 
frequency of ωL = gμBH/ħ during diffusion, where g is the Landé factor (~2) and μB is 
the Bohr magneton. Depending on the polarization of electrons reaching the detection 
electrode, the MR signal will be different, resulting in the characteristic Hanle curves, 
as shown in Fig. 4.11 (a). For clarity, the background resistance of 1.1 Ω to 2.2 Ω is 
subtracted and the curves are offset. Due to the small gap between the electrodes L = 
0.8 μm, we could only observe the central portion of the Hanle curve. One may argue 
that the resistance change does not originate from spin precession but from the 
electrode’s AMR signal. Nevertheless, as the electrode’s AMR is only 0.2% to 0.3%, 
and the non-local background resistance is 1.1 Ω to 2.2 Ω, it is unlikely that the 
resistance change of more than 50 mΩ is caused by the AMR. 
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An interesting observation is that the Hanle curves at VG on the negative (positive) 
side of VDirac = 30 V are tilted towards negative (positive) magnetic field. This 
asymmetry of spin precession may be attributed to the effect of VG on either the 
polarization of carriers or the effective field felt by them. This is also reflected in the 
fact that the Hanle curves for non-zero VG is noisier than that of VG = 0 V, which means 
that VG indeed influences the electron precession. However, current data are insufficient 
for a quantitative analysis of this phenomenon and further investigation is needed. 













,             (4.5) 
where the +(-) sign accounts for parallel (anti-parallel) magnetic configuration of the 
electrodes, D is the diffusion constant, and τs is the spin lifetime. For asymmetric curves, 
the most balancing fitting parameters are implemented. Parameters D and τs can be 
extracted and the spin relaxation length is calculated as λG = √Dτs. These values are 
shown in Fig. 4.11 (c). It is observed that both τs and D retain their minimum at Dirac 
point and tend to increase as VG moves to either positive or negative side. This linear 
relationship between τs and D is an indication of Elliot-Yafet scattering mechanism 
which is pronounced in monolayer graphene [15]. AFM imaging carried out after the 
transport measurements confirmed the thickness of this graphene sheet to be 0.47 nm, 
which falls within the range of single layer graphene. τs and D range from 104 ps and 
236 cm2s-1 at VDirac to 168 ps and 429 cm
2s-1 at VG – VDirac = -70 V. The corresponding 
λG are 1.6 µm and 2.7 µm, respectively. This trend tallies with the MR data previously 
obtained in which RS becomes larger as |VG – VDirac| increases. 
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TABLE 4.2 Summary of spin lifetime, diffusion constant and spin relaxation length 
obtained through Hanle measurements from literature. 
Contact τs (ps) D (cm2s-1) λG (µm) Ref. 
Cu/Graphene 104-168 236-429 1.6-2.7 This work 
Co/Graphene 84 250 1.5 [6] 
Co/Graphene 95 80 0.87 [16] 
Co/Graphene 80-100 400-600 2-2.2 [17] 
MgO/TiO2/Graphene 448-495 (tunnel contact) 






MgO/TiO2/Graphene 410-700 120-180 2.3-3.6 [15] 
MgO/TiO2 /Graphene 771 200 3.9 [18] 
Al2O3 /Graphene 100-170 130-220 1.3-2 [19] 
Al2O3 /Graphene 92-145 130-270 1.1-2 [9] 
Al2O3 /Graphene 500-630 100-160 2.3-3.2 [20] 
Al2O3 /Graphene 71 250 1.3 [21] 
Al2O3 /Graphene >105 >1000 >100 [22] 
Al2O3 /Graphene 60-210 550-1000 1.8-5 [23] 
Al2O3 /Graphene 1700 4.3 0.8 [24] 
 
Currently, one of the main bottlenecks to hinder experimental λG to approach the 
theoretical prediction in graphene is spin relaxation at the contact [5]. Due to the fact 
that the Hanle precession measurement does not take into account the influence of the 
contact, the extracted spin relaxation length is underestimated. This is especially 
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pronounced for transparent metal/graphene contacts, where the spin injection efficiency 
is very low because of conductance mismatch. In Table 4.2, a list of τs, D and λG from 
literature is presented. We would like point out that the value for τs in our work is one 
of the longest reported spin relaxation time for graphene spin valves incorporating 
metal/graphene contacts. As the contacts are to some extent invasive, even higher 
values for τs can be expected, because a part of the injected spins relax at the contact 
interface. This is especially pronounced for devices with short channels, as the contact 
induced relaxation becomes more influential [9]. With invasive contacts, the shorter 
measurement distance also leads to a slight increase in the measured D [24]. It has to 
be noted that some of the data from literature was measured under RT rather than 
cryogenic temperatures as in our work, although the influence of temperature on the 
spin transport properties in mechanical exfoliated graphene is weak [24]. Furthermore, 
some peculiar work is listed as follows: I. J. Vera-Marun et al. [21] fabricated spin 
valves in which the detector is made of nonmagnetic Ti/Au. The spin detection is 
enabled by an as-yet-unexplored nonlinear interaction between spin and charge. B. 
Dlubak et al. [22] achieved very long spin relaxation length by incorporating tunneling 
oxide contacts with resistance in the range of MΩ. This demonstrates that the spin-orbit 
interaction in graphene can be lower than previous works reveal and λG is mostly limited 
by the contact properties of the device or other extrinsic factors such as the substrate. 
SiO2 substrates have electrical inhomogeneous surface potentials leading to electron-
hole puddles. In order to avoid this, a suspended graphene channel can be implemented 
as in the work of M. H. D. Guimarães et al. [23]. T. Maassen et al. [24] approached this 
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task through another way by fabricating epitaxial graphene on SiC, which is known to 
be far more homogeneous and is able to reduce scattering. Despite showing impressive 
improvement in the spin transport properties, many of these approaches come to 
expenses such as difficult fabrication processes or high contact resistance. The λG result 
of Cu/graphene contacted spin valves from this work is not only superior to the common 
metal/graphene devices, but is also comparable with those for many oxide-tunneling 
based devices reported in literature. 
 
4.4.2 Spin injection efficiency and contact resistivity 
Figure 4.12 (a) shows a comparison between spin efficiencies obtained in this 
work with Cu layer and data from literature with both transparent and tunneling contacts 
in logarithm scale. In order to enable a direct comparison, some of the data have been 
processed from the reported values in literature. 
First of all, all contact resistances are converted into resistivity (ρC) by 
multiplying the resistance with the width of the graphene sheet. As mentioned earlier, 
the current path from metal to graphene is assumed to be concentrated along the contact 
edge [30]. Hence, the unit Ω μm is used instead of Ω μm2. Besides, ρC varies with 
applied DC bias for contacts with potential barriers. For our data, the value at zero DC 
bias is used which corresponds to the maximum. For other works with tunneling 
barriers, the largest contact resistance which the author stated is used. In some of the 
work, the spin efficiency values are not stated explicitly. Instead, they are derived from 
the parameters provided as summarized in Appendix C. 




FIG. 4.12 (a) Contact spin polarization vs. contact resistivity comparison among 
graphene spin valve devices with transparent (square), intermediate (circle) and 
tunneling contacts (triangle). The references are indicated beside the symbols. Circles 
denote data from this work. (b) Calculated cut-off frequency for graphene FETs plotted 
against contact resistance at various impurity concentrations. 
 
From the figure, a clear characteristic separation between these three kinds of 
contacts is observed. Transparent contacts have the smallest ρC and PJ is very small, 
too. Tunneling contacts have significantly larger PJ, but they also exhibit large ρC. The 
contact resistivities of intermediate contacts are in the same order as transparent 
contacts, and they provide a boost in PJ, though still not comparable to tunneling 
contacts. 
The importance to reduce the contact resistance in real world applications is 
especially manifested in the high frequency range. Even though the graphene based 
spin-FET makes use of the spin signal of electrons, charge current is still inevitable. 
When a graphene based spin-FET operates at radio frequencies, the contact resistance 
may pose limitations. Here we develop an analytical model to design a graphene radio 
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frequency transistor based on diffusive transport with the emphasis on the influence of 
contact resistance. We consider the transport mechanism governed by the charged 
impurity scattering owing to the presence of the charged impurities on the substrate and 





,                         (4.6) 
where ni is the charge impurity concentration which depends on the gate dielectric 
material. Here the carrier concentration n on the graphene layer is used as n = CoxVG, 
where Cox is the gate capacitance. 
 
 
FIG. 4.13 Schematic of the graphene based transistor with a top gate incorporating 
HfO2 dielectric. 
 
As shown in the design in Fig. 4.13, HfO2 as the gate dielectric is used for a high 
performance transistor since the high-k material can concentrate the gate electric field 
inside the dielectric material which reduces the formation of impurity charges on the 
graphene sheet. Typical values for ni for such a design can be estimated to range from 
2  1011 cm-2 to 1012 cm-2 [31]. Knowing the VG dependence of the conductivity, the 
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carrier density is assumed to be constant along the channel. For the two-dimensional 












,              (4.7) 
where E is the electric field along the graphene channel, W (L) is the width (length) of 
the graphene channel, and VD (VS) is the voltage at drain (source). By taking both W 
and L as 1 μm, this transcendental equation can be solved using the conductivity values 
calculated by Eq. (4.6) and the drain current for a given biasing condition is obtained. 
Thus, the transconductance gm = ∂ID/∂VGS of this graphene transistor is obtained. High 
frequency performance limits can be understood by analyzing the cut-off frequency ft 
of the device. Cut-off frequency is defined as the frequency where the current gain is 0 
dB. Above ft, the drain current becomes less than the gate leakage current due to the 
modulation of the channel conductivity. Gate capacitance and the small signal 
transconductance of a device determine the cut-off frequency as ft = gm/2πCG. Figure 
4.12 (b) shows the cut-off frequency as function of contact resistance at various nimp. 
Higher charge impurity concentration can degrade the performance especially at low 
RC range. Therefore, to ensure optimal performance, cleanest samples with charged 
impurity levels of 2  1011 cm-2 are essential. At such nimp, low RC devices have clear 
advantage over large RC. For transparent contacts with RC = 300 Ω, ft is calculated as 
around 38 GHz. The cut-off frequency decays down to 12 GHz as RC increases to 1000 
Ω, which is a typical value for our Cu/graphene contact devices. When RC approaches 
tunneling contact regime of 10 kΩ, ft drops to merely 0.11 GHz. This shows the 
 Chapter 4 MR Measurements of Graphene Spin Valves with a Cu Interfacial Layer 
121 
 
importance to maintain the contact resistance at low level to reach reasonably high 
frequency operations in graphene based transistors. 
 
4.5 Conclusion 
In conclusion, we have fabricated graphene based spin valve devices with a Cu 
interfacial layer of various thicknesses. Clear MR signals were obtained from 1.5 nm 
Cu thickness onwards. It is shown that a spin injection boost can be achieved by 
increasing the Cu thickness from 1.5 nm to 2.5 nm because pinholes in the Cu layer are 
avoided. PJ between 6.1% and 8.4% are obtained which is significantly larger than 
those values for graphene spin valves with transparent contacts reported in literature. 
The contact resistance is still maintained in the same order of the transparent barrier 
and much lower than that of the oxide tunneling barrier. However, when the Cu 
thickness is further increased, PJ begins to drop, and when the thickness reaches 5 nm, 
no measurable MR can be picked up. This decrease can be attributed to increased grain 
boundary scattering in polycrystalline Cu as it becomes thicker, as well as the current 
shunting effect. It is believed that further enhancement of PJ is possible when the 
contact width is reduced to below the Cu spin diffusion length. This may decrease the 
shunting effect and also increase RC to alleviate conductance mismatch between the FM 
and graphene. When a DC bias is applied, MR begins to drop since the Cu induced 
contact barrier is of moderate height only and electrons of higher energy can easily pass 
through it. This reduces RC and leads to a lower spin injection efficiency. At last, Hanle 
 Chapter 4 MR Measurements of Graphene Spin Valves with a Cu Interfacial Layer 
122 
 
spin precession is presented at various VG. Though the channel was too short for a 
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CHAPTER 5 MR IN NiFe/Cu/GRAPHENE TRILAYER 
STRUCTURE 
5.1 Introduction 
In the last chapter, we discussed spin transport in the graphene based non-local 
spin valve. During the MR measurements using a three-probe geometry, a resistance 
peak at low magnetic field was observed, as described in Section 4.3.1. As we mainly 
focused on the non-local MR signal in the previous chapter, we did not elaborate on 
this resistance peak except noting that the peak has something to do with graphene layer 
underneath the Cu electrode. In this chapter, we will discuss this resistance peak in more 
details. In order to reveal the origin of this peak, samples were specially designed for 
two-probe MR measurements. 
 
5.2 Sample design and measurement methodology 
The devices fabricated were similar to the graphene based spin valves fabricated 
in Chapter 4. However, since our main objective was to measure the two-probe MR of 
the NiFe/Cu/graphene trilayer, multiple electrodes were not necessary. Instead, a single 
electrode covering a long graphene sheet was implemented as shown schematically in 
Fig. 5.1 (a). The electrode width was 1 μm, and its length varied according to the 
graphene sheet. In order to obtain accurate results representing the NiFe/Cu/graphene 
structure, we have chosen graphene sheets longer than 15 µm. More than 80% of the 
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electrode covered the graphene and only a small protruding part was left uncovered 
making the electrical contacts. MR of the multiple layer was measured by probing the 
two portions of the electrode which did not cover the graphene. For comparison 
purposes, two other types of samples were also fabricated, i.e., one without the 
graphene layer and the other without the Cu interfacial layer, as shown in Fig. 5.1 (b) 
and (c), respectively. 
 
FIG. 5.1 (a) Schematic of the NiFe/Cu/graphene trilayer structure with a Au capping 
layer to prevent NiFe from oxidizing. (b) and (c) are control devices without the 
graphene layer or without the Cu layer, respectively. The layer thickness of Au, NiFe 
and Cu (if applicable) are 2 nm, 30 nm and 2.5 - 5 nm, respectively. 
 
The measurement connections are shown in Fig. 5.2. All measurements were 
carried out using the configuration of Fig. 5.2 (a) except for one set of data. Current 
was applied between the two ends of the electrode and voltage was measured from the 
same terminals. Another connection method is shown in Fig. 5.2 (b) which is equivalent 
to the local MR geometry. In this measurement, a part of graphene channel uncovered 
by the electrode was probed together with the electrodes. The length of the channel is 
L = 0.8 µm. Most of the results discussed below were obtained using the connection 
geometry in Fig. 5.2 (a) unless it is stated explicitly. 




FIG. 5.2 Schematic of the measurement connections. Throughout this chapter, all data 
was obtained using the connection of (a) except for one set which incorporates (b). The 
one using (b) is explicitly stated in the text. 
 
5.3 Experimental results 
5.3.1 MR measurements of NiFe/Cu and NiFe/graphene structure 
Figure 5.3 (a) shows the AMR signal at 4.2 K for a NiFe(30 nm)/Cu(2.5 nm) 
bilayer without the underlying graphene layer. The red (blue) line corresponds to the 
measurement done during forward (backward) sweep of the magnetic field, which was 
applied parallel to electrode (B║). An AMR of 3.9‰ was obtained. The AMR curve is 
typical of that of a ferromagnet. In particular, it should be noted that there was no peak 
at the low-field region. Similar result was obtained for a NiFe(30 nm)/graphene bilayer 
at 4.2 K, as shown in Fig. 5.3 (b), albeit the magnitude of AMR is slightly larger, about 
4.6 ‰. 




FIG. 5.3 (a) AMR under parallel-to-plane magnetic field for a pure metal NiFe/Cu 
bilayer. (b) AMR of a NiFe/graphene bilayer. 
 
5.3.2 MR measurements of NiFe/Cu/graphene structure 
As we mentioned in the introduction of this chapter, in NiFe(30 
nm)/Cu(t)/graphene trilayers (t = 2.5 nm - 5nm), in addition to the normal AMR peaks, 
an extra peak appears around the zero field, which is referred to as “low-field MR peak” 
in the following discussions. Figure 5.4 shows the result for the sample with a Cu 
thickness of 2.5 nm. At 4.2 K, the magnitude of this low-field MR peak varies from 
1.6‰ to 2.5‰ with respect to the change of VG and tends to be smaller around Dirac 
point as shown in Figs. 5.4 (a) and (c). On the other hand, as shown in Figs. 5.4 (b) and 
(d), no clear temperature-dependence of the MR peak was observed for this device. The 
gate bias was kept at zero for the data shown in Figs.5.4 (b) and (d). 




FIG. 5.4 (a) and (b) correspond to measurements for the low-field MR peak at various 
back gate bias and temperatures, respectively. (a) is measured at 4.2 K. The sample is a 
NiFe/Cu(2.5 nm)/graphene device. The curves are vertically offset for clarity. (c) and 
(d) show the magnitude of the MR plotted against VG and T, respectively. 
 
When the Cu thickness is increased to 3.5 nm Cu, the low-field MR peak at 4.2 
K remains at similar magnitude as the 2.5 nm Cu sample, as shown in Fig. 5.5 (a). The 
MR dependence on VG is also similar to the 2.5 nm sample, with the MR ratio ranging 
from 2.6‰ to 3.3‰ when VG is outside the Dirac point, as shown in Fig. 5.5 (c). At 
neutrality point, the MR is smallest at 1.7‰. 




FIG. 5.5 (a) MR measurements at various VG for a device with 3.5 nm Cu layer 
thickness using the configuration as in Fig. 5.2 (a). (b) MR measurements using a 
channel-inclusive configuration as depicted in Fig. 5.2 (b). The curves are vertically 
offset for clarity. (c) and (d) show the low-field MR peak plotted against VG for the two 
configurations, respectively. 
 
When this device was measured using the configuration shown in Fig. 5.2 (b), the 
low-field MR peak was still present as shown in Fig. 5.5 (b). However, its magnitude 
at 4.2 K, ranging from 0.7‰ to 1.4‰ as shown in Fig. 5.5 (d), is smaller than the 
previous two cases. This implies that the NiFe/Cu/graphene trilayer is vital for 
observation of the low-field MR peak.  
 




FIG. 5.6 (a) Low-field MR peak measurements of the 5 nm Cu sample at various 
temperature. It is noted that the AMR signal is not picked up since a large field range 
is applied. The curves are vertically offset for clarity. (b) The magnitude of the low-
field MR peak compared among the three types of samples with different Cu interfacial 
layer thicknesses. Red square corresponds to 2.5 nm Cu, green triangle corresponds to 
3.5 nm Cu, and blue diamond corresponds to 5 nm Cu. It is clear that the 5 nm Cu 
sample exhibit MR ratios which are significantly smaller than the other two types. 
 
When the thickness of the Cu layer is further increased to 5 nm, we were still able 
to observe the low field MR peak at 4.2 K, albeit at a much smaller magnitude as shown 
in Fig. 5.6 (a). In Fig. 5.6 (b), the respective MR ratios at 4.2 K of the three types of 
samples with different thicknesses are compared. It is clear that the MR decreases 
significantly when Cu thickness reaches 5 nm, which is attributed to the shunting effects.  
Beside the low-field MR peak, another peculiar feature was observed during these 
measurements. The AMR magnitude as well as the magnetic field when the resistance 
reaches minimum (Bmin) did not remain at the same value when we compare the curves 
obtained from the forward and backward sweep of the magnetic field. In addition, when 
the order of the magnetic field sweeping process was reversed, the difference of the 
AMR magnitude and the position of Bmin was also reversed. 




FIG. 5.7 (a) and (b) show the definitions of “backward-forward” and “forward-
backward” sweeping orders, respectively. (c) and (d) show the AMR magnitude 
obtained during five runs of “backward-forward” and “forward-backward” sweeps, 
respectively. (e) and (f) show the values of Bmin obtained during five runs of “backward-
forward” and “forward-backward” sweeps, respectively. Red squares (blue triangles) 
correspond to the data obtained during the forward (backward) sweep. 
 
We made a series of measurements with the 2.5 nm Cu sample, in which the 
magnetic field was started in opposite directions.  
 “Backward-forward” sweeping order: First the backward sweep, followed by the 
forward sweep, as shown in Fig. 5.7 (a). 
 In such an order, the AMR magnitude as well as Bmin is smaller during the forward 
sweep than during the backward sweep in all 5 test runs, as shown in Figs. 5.7 (c) and 




 “Forward-backward” sweeping order: First the forward sweep, followed by the 
backward sweep, as shown in Fig. 5.7 (b). 
 In such an order, the AMR magnitude as well as Bmin is larger during the forward 
sweep than during the backward sweep in 3 out of 5 test runs, as shown in Figs. 5.7 (d) 
and (f). 
This clearly shows a dependence between the AMR and the magnetic field 
sweeping direction. A magnetic coupling between the graphene and the NiFe layer may 
be the origin. However, the current data is still insufficient to adequately explain this 
coupling and further experiments are necessary. 
 
5.4 Possible origins for the low-field MR peak 
5.4.1 Weak localization 
At first, one may tend to attribute this low-field MR peak to weak localization 
effect in graphene [1-4]. Weak localization and weak anti-localization are quantum 
interference effects which usually occur at low temperatures when the electrons are able 
to maintain their phase coherence as depicted in Fig. 5.8. Depending on the phase, 
electrons can interfere with their self-intersecting scattering paths either in a 
constructive way, which leads to weak localization, or in a destructive way, which leads 
to weak anti-localization. Without scattering, weak anti-localization is dominating in 
graphene due to the presence of an intrinsic Berry phase of π. However, elastic electron 
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scattering can contribute to the phase change and induce constructive interference when 
zero phase difference is restored. This leads to weak localization and a resistance 
increase is observed. Inelastic scattering, on the other hand, can destroy the coherence 
of phase so that no weak (anti-) localization can be found any more. 
 
FIG. 5.8 (a) Two self-intersecting scattering loops of an electron with coherent phase 
which can lead to constructive or destructive interference. The sizes of these loops are 
determined by the dephasing time τΦ related to elastic scattering. (b) Three scattering 
mechanisms which contribute to phase change are superimposed on the Fermi surface 
(triangle around the two Dirac points K and K’): The elastic intervalley scattering time 
τi; The elastic intravalley trigonal warping scattering time τw; The elastic intravalley 
chirality breaking scattering time τz. Figure adapted from Ref. 2. 
 
There are three categories of scattering which can affect weak (anti-) localization: 
(i) the inelastic scattering associated with scattering time τΦ and coherence length LΦ; 
(ii) the elastic intervalley scattering (τi, Li); (iii) a combination of elastic intravalley 
trigonal warping scattering and elastic intravalley chirality breaking scattering (τ*, L*). 
The inelastic scattering time τΦ controls the size of the electron’s self-intersecting 
scattering path under coherence length LΦ = √τΦD, which determines the magnitude of 
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weak (anti-) localization. Beyond LΦ, phase coherence is destroyed and no weak (anti-) 
localization effect is observed. The intervalley scattering mechanism (τi, Li) causes the 
electron to pick up a phase change when travelling along the coherence path. This can 
change the intrinsic weak antilocalization in graphene into weak localization since a 
reversal of electron chirality is induced by jumping from one valley to the other which 
cancels out the Berry phase [2]. 
Both the weak localization and weak anti-localization are destroyed by a 
magnetic field and/or temperature with sufficient magnitude. Large magnetic fields 
randomize the electron phase when they traverse curved paths, which averages out the 
overall quantum interference. High temperature causes thermal excitation and 
decreases τΦ, which will diminish the effect of both kinds of localization. As a result, a 
negative (positive) MR is associated with weak (anti-)localization only at low 
temperatures. McCann et al. have deduced a formula to fit the resistivity as a function 


















−1)],         (5.1) 
where τB-1 = 4eDB/ħ, F(x) = lnx + ψ(1/2 + 1/x), and ψ is the digamma function. 
However, it should be noted that the magnetic field discussed above should be 
perpendicular to the graphene plane (B┴), while in our experiments, the field is applied 
in parallel configuration (B║). M. B. Lundeberg et al. [3] discussed the possibility of 
localization effects induced by ripples inside graphene which are caused by uneven 
substrates such as SiO2. When a parallel-to-graphene magnetic field is applied, these 
ripples can generate local out-of-plane field with normal components. In order to 
 Chapter 5 MR in NiFe/Cu/Graphene Trilayer Structure 
136 
 
determine the irregularity of our samples, AFM imaging was performed after the 
transport measurements of the 2.5 nm Cu sample. The extracted root mean square (rms) 
values of the height z and the correlation length ξ were acquired numerically which 
yielded z = 0.186 nm and ξ = 9.6 nm. These data were used to calculate the ratio of γ = 
B┴ / B║ which gave γ = 0.013. During the weak localization fitting using Eq. (5.1) for 
the experimental data of the 2.5 nm, 3.5 nm and 5 nm Cu sample under parallel-to-plane 
magnetic field, this factor γ has been taken into account to decompose the applied 
parallel field accordingly. The obtained results are plotted as a function of temperature 
in Fig. 5.9. 
 
FIG. 5.9 (a), (b), (c) Coherence lengths LΦ (red circle), Li (black square), and L* (blue 
triangle) plotted as a function of T for the sample with 2.5 nm Cu, 3.5 nm Cu and 5 nm 
Cu, respectively. (d) Coherence length values from literature. Filled symbols are taken 
from Ref. 2, hollow symbols are taken from Ref. 3, and crossed symbols are taken from 
Ref. 4. 
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As a result, the coherence lengths for the 2.5 nm and 3.5 nm Cu sample are similar. 
LΦ ranges from 1.3 µm to 1.7 µm, Li ranges from 2.3 µm to 2.5 µm, and L* ranges from 
0.5 µm to 0.8 µm. On the other hand, the 5 nm Cu sample exhibits coherence lengths 
of much smaller magnitude. Examining these coherence lengths, three inconsistencies 
are found when they are compared to literature: (i) it is found that these values are quite 
large for graphene when compared to literature [2-4]. LΦ is usually between 0.3 µm to 
0.8 µm, Li is around 0.25 µm and L* is around 0.05 µm according to previous studies; 
(ii) In our experiment, Li is larger than LΦ, which means that the elastic intervalley 
scattering path is longer than the elastic scattering path. This is very unusual and is not 
in agreement with literature; (iii) The LΦ obtained in our work shows no significant 
decrease as T goes up which cannot be explained by weak (anti-) localization. In general, 
the effect of weak (anti-) localization in graphene significantly decreases with 
increasing T as LΦ is destroyed by inelastic scattering [1]. 
To further investigate if the MR peak originates from weak (anti-)localization, the 
2.5 nm Cu sample was placed in vertical alignment to the magnetic field and the 
measurement results are shown in Fig. 5.10. Figure 5.10 (a) shows that MR peaks are 
indeed observed around zero field. However, there is also a decrease of resistance 
around B┴ = ±0.2 T present. This is because the magnetic field is not totally 
perpendicular to the graphene plane and it causes domain wall switching inside the 
electrode which gives rise to AMR signals. The measurement under large magnetic 
field condition is shown in Fig. 5.10 (b). The sharp transfer from decreasing to 
increasing resistance at around ±1.45 T makes this curve difficult to be fit by Eq. (5.1). 
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Nevertheless, an approximation is shown in Fig. 5.10 (c) which is the closest fitting 
possible. It yields LΦ of 66 nm, Li of 9.1 nm, L* of 1.8 nm, which are orders of magnitude 
smaller than the values obtained in parallel-to-plane field measurements. 
 
 
FIG. 5.10 (a) The sample with 2.5 nm thick Cu layer is measured for MR under 
perpendicular-to-plane magnetic field at 4.2K. The curves at different VG are vertically 
offset for clarity. (b) MR curve obtained under large B┴ sweep range at 4.2 K and VG = 
0. (c) Best approximation of a weak (anti-) localization fitting using Eq. (5.1) to obtain 
the coherence lengths. 
 
As shown in Table 5.1, it is clear that the coherence lengths obtained under 
parallel-to-plane and normal-to-plane magnetic field differ by more than 2 orders of 
magnitude, despite they are measured with the same sample. Both of them differ from 
literature by a significant margin. 
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TABLE 5.1 Comparison between the coherence lengths obtained from the 
2.5 nm Cu sample under parallel-to-plane magnetic field, normal-to-plane 
magnetic field, and coherence length values taken from literature. 
 Parallel field Normal field Literature 
LΦ (µm) 1.72 0.066 0.27-0.76 
Li (µm) 2.48 0.0091 0.18-0.22 
L* (nm) 490 1.8 9-58 
 
At the end of the day, the effect of weak (anti-) localization is not sufficient to 
explain this low-field MR peak because of the following reasons: (i) LΦ obtained from 
our measurement is independent of temperature, which does not agree with the fact that 
thermal excitation can destroy weak (anti-)localization. (ii) Li is larger than LΦ in our 
experiment, which is not consistent with literature. (iii) The coherence lengths obtained 
when the magnetic field was applied in parallel-to-plane configuration do not agree 
with the coherence lengths obtained when the field was applied in normal-to-plane 
configuration, despite the fact that the same sample was measured. (iv) The magnitudes 
of the coherence lengths obtained under both magnetic field directions differ a lot from 
literature. In order to explain the low-field MR peak, another theory involving Rashba 
induced spin splitting in graphene is discussed. 
 
5.4.2 Rashba induced spin-dependent band splitting inside graphene 
As discussed in Section 2.4.3, an electric field perpendicular to the electron flow 
path can induce a Rashba spin-orbit coupling [5]. In a 2D system, this spin-orbit 
coupling does not break the time reversal symmetry. Instead, it gives rise to a spin-
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dependent energy band splitting which destroys the spin degeneracy. As shown in Fig. 
5.11 (a), the spin splitting is of opposite polarity when the wave vector changes its sign 
in momentum space. When the graphene is brought in contact with metal, the electric 
field can be generated by the dipole formed through charge transfer at the 
metal/graphene interface [6, 7]. A. Varykhalov et al. have shown that a Rashba spin 
split of ΔSO = 13 meV can be induced when graphene is brought in contact with Ni [8]. 
Furthermore, because the Ni/graphene chemisorption interface disturbs the band 
structure of graphene by hybridization and the massless Dirac fermions are 
compromised, an enhancement of the Rashba spin split is expected when physisorption 
metals are intercalated between the Ni layer and the graphene sheet. In such manner, 
the double cone structure is still preserved. A giant Rashba splitting of around ΔSO = 
100 meV is observed by the same group when a one or two atom thick Au layer is 
intercalated between Ni and graphene as shown in Fig. 5.11 (b) [6]. 
 
 
FIG. 5.11 (a) Schematic of Dirac cone of ideal graphene and after Rashba spin splitting 
induced by Ni(111). Figure adapted from Ref. 8. (b) Angle-resolved photoemission 
spectra near the graphene K point in a Ni(111)/Au/graphene trilayer. The corresponding 
value of the wave vector k is indicated. Figure adapted from Ref. 6. The blue and red 
lines represent the spin up and spin down channel, respectively. 
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It is clearly demonstrated that ΔSO reverses its sign when the wave vector k 
changes its sign. Similar to the intercalation of Au, Cu can also exhibit similar effects 
since it also forms a physisorption interface with graphene [9]. 
At a given momentum vector k, the spin dependent band splitting causes only one 
type of spin to be present at the Fermi-level. Since in a Cu/graphene contact, only 
minimal doping is induced by Cu, and the graphene can be treated as intrinsic which 
means the Fermi-level is found at the K point, it has been predicted that a 
Ni/Cu/graphene structure exhibits perfect spin filtering properties [10]. The electronic 
band dispersion of this trilayer overlaps for minority spin only at the K point. It follows 
that a spin valve device based on Ni/Cu/graphene/Ni structure can show exceptionally 
large MR ratios up to 900%. We suspect that the MR peak in our experiments originates 
from similar MR effects. However, our devices are of NiFe/Cu/graphene structure and 
the underlying Ni layer is missing. It is quite tricky to explain the observed MR peak 
as the result of Rashba induced spin splitting. A speculation might be that some Ni 
atoms intercalate into graphene during the deposition process and migrate underneath 
the graphene layer to form a NiFe/Cu/graphene/NiFe spin valve. Nevertheless, further 
experiments have to be carried out to reveal the true origin of this peak. The next step 
is to fabricate Cu/graphene structures without the NiFe layer to investigate the influence 
of NiFe on graphene. In addition, fabrication of Ni/Cu/graphene/Ni spin valve structure 
is also planned for future work. 
 




In conclusion, we have shown that a low-field MR peak was observed in 
NiFe/Cu/graphene trilayers. Although the origin of this peak is not clear at present, it is 
very unlikely that it is caused by weak localization. Rashba effect may play a role here, 
but more solid evidences are required in order to understand the true origin of this peak.  
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CHAPTER 6 STUDY OF Ni-CNW MAGNETOMECHANICAL 
NANOCONTACT IN UHV 
6.1 Introduction 
The previous chapters discussed the situation when a non-magnetic graphene is 
implemented as the channel material in a spin valve device. In such a case, electrical 
spin is injected into graphene, which itself is of non-magnetic nature. Another 
possibility to incorporate graphene into spintronics is to make graphene magnetic, in 
particular at the edges. As discussed in Section 2.5, magnetic ordering at a certain type 
of graphene edge is predicted to exist, but there has been no direct experimental 
observation so far. This is partly due to the fact that the magnetic moment is only 
localized at the graphene edge. Some magnetic force microscopy (MFM) images of 
CNWs from previous work in our group show hints of magnetization at the CNW edge, 
as shown in Fig. 6.1 (a) and (b), but solid proof is lacking since any attempt to use 
transport measurements to reveal the existence of magnetic ordering would face the 
challenge of separating the edge contribution from that of the bulk due to the shunting 
effect. As one of the possible approaches, we have tried to form a nano-contact between 
the edge of CNWs and a magnetic nanoprobe in UHV as shown in Fig. 6.1 (c), and 
studied its transport properties. As it will be discussed below, although we eventually 
could not obtain any direct evidence that supports magnetic ordering at the edges, the 
results obtained demonstrate strongly that the so-called ballistic magnetoresistance 
reported in many different types of magnetic nano-contacts in literature has a 
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mechanical rather than magnetic origin. 
 
 
FIG. 6.1 (a) AFM image of CNWs. (b) MFM image of the CNWs with a section graph 
corresponding to the white line in the MFM image. (c) Schematic of the Ni-CNW 
nanocontact. The red dots denote the predicted edge magnetic moments. 
 
6.2 Ballistic magnetoresistance in magnetic nano-contacts 
Before we proceed to discuss our own experiments and results, we give a brief 
overview of relevant magnetic nano-contact work reported in literature. 
In spintronic devices, junctions are implemented to magnetically decouple the 
FM materials so that the magnetization can be switched independently. This forms the 
basis of GMR and MTJ devices, which consist of a sandwich structure of two FM layers 
and a NM spacer. As the device size decreases, an alternative to the sandwich structure 
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is an atomic size contact between the two FM layers to decouple the two sides [1-6]. 
When the contact size becomes smaller than the electron mean free-path, ballistic 
transport across the nano-contact can be realized. 
In such ballistic contacts, the band structure of the FM plays an important role to 
determine the electron transport across the junction. K. M. Schep et al. studied this case 
theoretically in a ballistic Cu/Co multilayer structure [7]. By using local-spin-density 
approximation, it is argued that MR ratio as high as 120% can be obtained even without 
spin-dependent scattering which is considered as the main mechanism in GMR in 
multilayers. This work has stimulated lots of experimental studies on BMR [1-5], in 
which a magnetic domain wall presumably lies at the nano-contact as shown in Fig. 6.2. 
If the spatial extent of the domain wall is less than the spin-flip mean-free-path of 
electrons, the electrons trying to cross the wall will have a high reflection probability 
due to poor matching of the Fermi surfaces of spin-up and spin-down electrons. The 
reflection is manifested as a higher electrical resistance than in the case when both sides 
of the nano-contact are magnetized in parallel. 
 
 
FIG. 6.2 Schematic of a magnetic nanocontact with the two sides of the contact in 
antiparallel and parallel magnetic configuration. Blue and red indicate regions of 
different magnetization. 
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Although huge BMR up to 100,000% was reported [5], its origin has always been 
controversial [3]. Depending on the structure, geometry, and dimension of the nano-
contact, the MR with relatively modest values may be due to enhanced AMR or the 
combination of this with other effects such as magnetostriction induced resistance 
change [8, 9]. On the other hand, exceptionally high MR reported in literature is most 
probably due to artifacts like the magnetostriction effect [4]. 
The magnetic nano-contact for BMR relies on electrodes positioned very close to 
each other, preferably in atomic scale. It is very challenging to create such a contact 
and most of the methods can be categorized into the following three groups. 
(i) Mechanically break junctions are based on a very thin nano-bar with a small 
cut at the center [10]. A piezo-electric transducer is used to stretch the nano-bar in order 
to slowly break it at its center position which is finally left with only a few atoms.  
(ii) Electrochemical junctions start with a thin metal wire on which a neck is 
created [11]. Electrochemical etching is implemented to etch down the wire at the neck 
position until the formation of the nano-contact. 
(iii) Electrical break junctions are based on the advance of lithography techniques 
which enables the creation of much smaller feature size [12]. The local heat at the 
lithography-patterned narrowest junction is used to create the nano-contact. 
Despite the realization of the abovementioned atomic sized nano-contacts, 
statistical measurements are difficult to realize due to the uncontrollable variations 
among the geometry of the nano-contacts. In addition, magnetostatic and magneto-
elastic effects of the electrodes subjected to an external magnetic field can cause 
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artifacts that mimic the BMR effect. 
In this work, we tried to overcome these difficulties by forming nano-contact 
between a FM nanoprobe and CNWs. CNWs are vertically grown 2D carbon sheets on 
flat substrates which facilitate the formation of nano-contacts [13]. Since the nanoprobe 
can be positioned with a very high accuracy by a piezoelectric controller, it is possible 
to form contacts with controllable sizes. In order to make the measurements reliable 
and reproducible, all the experiments have been carried out in UHV. This ensures the 
stability of the tunneling current between the probe and the CNWs which is hard to 
achieve in ambient condition. 
The objective of this Ni-CNW nano-contact is to generate a stable setup to probe 
the predicted magnetic ordering at the edge of CNWs. If this magnetic ordering indeed 
existed, it would form a BMR structure together with the FM tip on the other side of 
the nano-contact. 
 
6.3 Experimental setup 
The experiments have been carried out in the Omicron UHV nanoprobe system. 
The base pressure was maintained in the 10-11 mbar range. The system has a 
piezoelectric controller which can control the position of the nanoprobe at very high 
accuracy. The auto-approach function of the nanoprobe can be used to bring the probe 
tip to the vicinity of the CNWs. Then, by applying an AC current between the tip and 
the CNWs using the Keithly 6221 current source, the value of tunneling current can be 
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monitored in the Stanford Research Systems SR830 DSP lock-in amplifier. The probe 
height can be adjusted carefully according to the magnitude of the tunneling current 
and a nano-contact is formed. The experimental setup is shown in Fig. 6.3. 
The UHV nanoprobe system is able to generate a vertical magnetic field through 
a magnetic coil inbuilt in the sample stage inside the nanoprobe chamber. The 




FIG. 6.3 Schematic of the experimental setup. Measurements were carried out in the 
Omicron UHV nanoprobe system. 
 
The Ni nanoprobes used in this experiment were fabricated using electrochemical 
etching of a Ni wire in a 2 mol KCL solution. Although the size of the probe apex can 
be easily controlled within sub-100 nm, as will be explained shortly this is not the 
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deciding factor which determines the size of the contact. The CNWs are grown on 
SiO2/Si substrates using microwave plasma enhanced chemical vapor deposition [13, 
14].  
Figure 6.4 (a) shows the scanning electron micrograph of the CNWs which 
consist of networks of submicron to micron-sized graphite sheets aligned almost 
vertically on the substrate surface. The nanowall has a typical height of 2 μm to 5 μm 
and a lateral size of 0.1 μm to 2 μm. From high resolution transmission electron 
micrographs, the thickness of individual nanowalls is found to be in the range of 1 nm 
to 10 nm. 
 
 
FIG. 6.4 (a) SEM image of CNWs taken together with a nanoprobe using the in situ 
SEM. (b) Illustration of the contact formation between the nanoprobes and CNWs and 
the measurement connection. 
 
The probes and CNW sample were both loaded into an Omicron UHV nanoprobe 
system. Also loaded together with the Ni probe was a tungsten probe which was used 
to form a stable contact with the CNWs. Prior to electrical measurements, the tungsten 
probe was first brought down manually via the piezoelectric controller to form an 
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Ohmic contact with the CNWs. When both probes were in Ohmic contact with CNWs, 
the resistance measured was in the range of 200 Ω to 600 Ω, for a probe distance of 1 
μm to 20 μm. The next step was to form a reliable nano-contact between the Ni probe 
and the CNWs. It is found that forming such a contact with the CNWs with a variable 
resistance is much easier as compared to other conducting materials with a flat surface. 
The key to form reliable nanocontacts with good reproducibility is that CNW are very 
thin and stand up vertically. After the contact was formed as shown in Fig. 6.4 (b), the 
electrical measurement was performed using a standard lock-in technique. 
 
6.4 Experimental results  
6.4.1 Magnetomechanical resistance change 
Figure 6.5 shows typical magnetoresistance curves obtained at different contact 
resistances, which is characterized by its zero-field resistance (ZFR), i.e. resistance at 
a zero magnetic field. The ZFR can be controlled precisely by varying the probe-sample 
spacing. 
 




FIG. 6.5 MR curves obtained at various ZFR values represented by different symbols.  
 
As shown in the figure, the peak is right-shifted during the forward sweep while 
it is left-shifted during the backward sweep. This clear hysteresis is seen between the 
forward and backward sweeps. The good repeatability of the experiment is evident from 
the fact that the forward and backward sweeping curves always cross the zero field at 




FIG. 6.6 (a) Color image showing the dependence of resistance on ZFR and applied 
field. (b) The MR ratio as a function of ZFR. Diamonds are experimental data, and the 
line is the corresponding trend line. 
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Figure 6.6 (a) shows the dependence of MR curves on ZFR, ranging from 1.1 to 
13.5 kΩ, in color-coded image, in which the color represents the magnitude of the 
resistance. The left and right panels correspond to the forward and backward sweeps, 
respectively. When the starting position is low, the peak resistance is also very low and 
the peak width is narrow. With increasing starting position height, the peak resistance 
becomes larger and the peak becomes wider. The magnitude can increase further to very 
large values over 40 kΩ until it saturates due to the limitation of our measurement 
instruments. It is also noted that normally the peak during backward sweep is lower 
than during forward sweep. This is because after the tip is attracted to the nanowall 
surface by a large magnetic force during the forward sweep, it is not elastic enough to 
fully resume its starting position. Instead it rests at a lower position. In general, the full 
width-at-half-maximum of the MR peak decreases with reducing the ZFR; the peak 
nearly disappears when the probe is in Ohmic contact with the nanowalls. A reasonably 
good linear relationship between the MR ratio and ZFR up to 5000% has been observed, 
as shown in Fig. 6.6 (b). 
The origin of this large MR is unlikely due to the BMR induced by the nano-
contact formed between the Ni tip and the edge magnetic ordering of CNWs. Even if 
such edge magnetic ordering existed, it would be very peculiar and unstable and should 
not induce a MR signal of such magnitude. The true origin of the large MR can verified 
in a simple control measurement. 
 




FIG. 6.7 The MR curve for a Ni-metal contact for reference. 
 
In this control experiment, the CNW sample was replaced with a flat metal 
substrate. The resulting resistance versus field curve is shown in Fig. 6.7. As can be 
seen from the figure, the resistance increases rapidly with decreasing the field and the 
contact becomes open before the field is reduced to zero. The flat region in the curve is 
due to the limitation of the experimental setup; the resistance in this region is essentially 
infinity. 
The aforementioned results indicate clearly that the MR observed here does not 
originate from BMR. Instead, it is purely caused from magnetomechanical effects 
which can be understood both qualitatively and quantitatively as follows. As the field 
begins to sweep, the probe is pulled over towards the nanowall side due to attractive 
force and a firm contact with low resistance is formed between the tip and the CNWs. 
When the field continues to sweep and approaches a small threshold value, usually 400 
Oe, the magnetic force is not strong enough to hold the tip onto the surface any longer 
and the tip repels. The resistance will increase gradually. After the field direction is 
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reversed, the resistance increases rapidly due to the change in attractive force to a 
repulsive one when the field direction is reversed but magnetization of the probe still 
remains the same. With the field being increased further, the magnetization of the probe 
will be reversed gradually and at a certain critical field the repulsive force again will 
become attractive, leading a decrease in the resistance. The same trend will be repeated 
during the backward sweep, but as already mentioned before, the resistance peaks 
during the forward and backward sweep do not overlap. This is due to the coercivity of 
the nickel probe. The magnetic field must have a positive value to invert the moment 
inside the tip during forward sweep. Thus, the peak is right-shifted. During the 
backward sweep, because of the negative coercivity, the peak is left-shifted. Due to this 
mechanical movement, resistance ratios up to 10,000% have been observed. Further 
values exceeded the limitation of our measurement setup. Ideally, resistance can go up 
to infinity when the tip totally loses contact with the nanowalls at low magnetic field. 
 
6.4.2 Calculation for the tip deflection distance 
If the nickel tip is simulated as an elastic lever [15], the distance which the tip 
moves under the magnetic field can be calculated to reveal the mechanical property of 
the nanocontact. Assuming that the Ni probe has a uniform magnetization distribution, 




,                       (6.1) 
where μ0 is the permeability of vacuum, MS is the saturation magnetization of the probe, 
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V* is the volume of the probe subjected to the magnetic field, and ∂Hz /∂z is the field 
gradient in z direction. In our specific setup, the field gradient is approximately −H/2 
(in Oersted per millimeter), where H is the field applied in Oersted. Using an Ms of 512 
emu/cm3 (for fcc Ni) and V* = 8.29×10−15 m3 (estimated from the probe shape and 
dimensions), the force exerted on the probe is estimated to be −3.65×10−7 N at H = 
1720 Oe (the field value at which the field sweep is started). Next is to calculate the 





,                        (6.2) 
where l is the length of the lever, Em is the modulus of elasticity, I* is the inertia, and 
Fz is the force. For the specific probe used, the length is l = 1 cm, the modulus of 
elasticity for nickel is EM = 2.07*1011 N/m2. The inertia is given by I* = πr4 /4, where 
r is the radius of the lever. In the present case r = 0.125 mm. By substituting all the 
parameters into the formula, the vertical deflection of the probe is estimated to be -3.1 
nm at H = 1720 Oe. This deflection is large enough to change the contact from “on” to 
“off” state and vice versa should the contact is formed between Ni and a rigid 
conductive material. In our case, however, instead of on/off operation, the resistance of 
the contact varies continuously within a certain range due to the high elasticity of the 
CNWs. 
 
6.4.3 Linear response to a time varying magnetic field 
It is also studied how the resistance of the nanocontact responds to an external 
time-varying field ΔH = ΔH0sin(2πft), where ΔH0 is the amplitude and f is the frequency. 
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To this end, a small AC current (8 mA at 50 Hz) was superimposed to a DC current 
which was swept from -0.2 A to 0.2 A to generate the magnetic field. This corresponds 
to a DC magnetic field of 450 Oe magnitude with 15 Oe AC modulation. The modulated 
magnetic field would cause the distance between the tip and the sample to change, 
following the waveform of the AC current. The linear component of the induced change 
in resistance was measured by supplying a small DC current (IDC = 200 μA) to the 
nanocontact and detecting the change in voltage ΔV between the tip and the nanowalls 
by using a lock-in amplifier. 
 
 
FIG. 6.8 (a) Field modulation curve ΔR/ΔH plotted against the DC field. (b) MR curve 
of a magnetic forward sweep. 
 
The quantity ΔR/ΔH0 = (1/IDC)(ΔV/ΔH0), which corresponds to the sensitivity of 
the sensor, is shown in Fig. 6.8 (a). A maximum value of 1.94 kΩ/Oe has been obtained. 
The two peaks in the graph correspond to the point where the MR curve [Fig. 6.8 (b)] 
rises or falls most rapidly. Between the two peaks there is a valley which corresponds 
to the plateau in the MR curve shown in Fig. 6.8 (b). This plateau appears when the 
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resistance peaks at its maximum value and shows little response to the applied magnetic 
field. 
In addition to the ΔR/ΔH0 curve, a digital oscilloscope is used to capture the 
waveform at different DC field values. Some of the selected output waveforms are 
shown in Fig. 6.9 (a) for the magnetic forward sweep. The horizontal axis indicates the 
time in milliseconds, the vertical axis of each panel represents the scale of the voltage 
signal. Note that this scale is different in each panel. The field value listed on the right 
side of each panel is the DC field at which the waveform was recorded, which is also 
marked as red diamonds in Fig. 6.9 (b). 
 
 
FIG. 6.9 (a) Output waveforms of DC current biased nanocontact subjected to the 
excitation of a small AC field superimposed with a variable DC field. The values of the 
respective DC fields are given on the right side of the y-axis, which are also marked by 
red diamonds in (b). (b) Different phases of the magnetization configuration inside the 
tip during a magnetic forward sweep. 
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The output waveform begins to appear at -270 Oe but the amplitude is so small 
that it is almost flat. At this point, the magnetic moment of the tip is still aligned with 
the external field and the attractive force is strong, which corresponds to phase 1 as 
indicated in Fig 6.9 (b). The first noticeable waveform starts at -120 Oe. Here, the 
positive amplitude reaches 0.48 V while the negative amplitude is around -0.15 V. The 
positive part is much higher than the negative part because the moment of the tip is still 
aligned with the field and the magnetic force holds it close to the nanowall surface. It 
can be lifted easily when the AC signal is positive, but when it is negative, it is harder 
for the tip to lower down as it presses against the CNWs. With the magnetic field 
becoming smaller, the attractive force gradually vanishes and the tip is lifted to move 
freely. At -100 Oe, which corresponds to phase 2, the waveform resembles the input 
sine wave. However, it is not a perfect linear response due to the exponential 
dependence of the resistance on probe-nanowall distance, and the positive part is more 
amplified than the negative part. When the magnetic field reaches -50 Oe which is the 
peak of the ΔR/ΔH0 curve, the waveform reverses its shape. This is because the tip is 
approaching the maximum point of the resistance curve and it is difficult for it to rise 
higher, but it is easy to lower its position. When the tip is at the resistance plateau 
between 70 Oe and 150 Oe as in phase 3, the output waveform is very weak because 
the constant MR. At this point, the magnetic moment of the tip undergoes a transition 
phase and starts to align with the positive external field. As soon as the magnetic 
moment is flipped, the tip feels the attractive force again and the system enters the 
region where the resistance begins to drop. The waveform reappears at this point. At 
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240 Oe (phase 4) a waveform similar to that at -120 Oe is observed with positive 
amplitude of 1 V and negative amplitude of -0.3 V. This indicates that the tip is again 
approaching the CNWs. When the field finally reaches 410 Oe (phase 5), the output 
signal disappears because the magnetic moment of the tip is now fully aligned to the 
field and the maximum attractive force is restored which keeps the tip attached to the 
nanowalls. Observing the whole trend of the waveforms, it is found that their shapes 
around the two ΔR/ΔH0 peaks are similar and a nearly linear response is obtained when 
the sensitivity is highest. Through this signal modulation experiment, the system proves 
to be able to generate semi-linear output response at magnetic fields corresponding to 
ΔR/ΔH0 peaks. Thus, it can be used as a sensor for in situ domain wall flipping process 
monitoring of a FM subjected to a changing magnetic field. 
In addition, similar experiments with higher field modulation frequencies are 
conducted. The output signal remains strong even at 1 kHz. This indicates that the 
sensitivity of the system is quite high and the tip movement which generates the output 
is able to follow very high frequency signals. 
 
6.5 Conclusion 
In conclusion, the electrical transport properties of Ni-CNW nanocontacts have 
been investigated in UHV. We have not managed to observe the edge magnetic 
moments of graphene in this experiment since the nanometer-sized Ni tip is unstable 
when subjected to a magnetic field. In order to eliminate this mechanical effect, a 
method is proposed for future work which involves a NM tip instead of the Ni tip in 
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order to reduce the influence of the magnetic field. This NM should be coated with a 
thin antiferromagnetic layer on the surface to enable the probing of the magnetic 
moments at the edge of CNWs. 
Nevertheless, current results still exhibit physical significance regarding the 
formation of exceptionally large MR-like signals in a nano-contact. The results 
demonstrate clearly that BMR-like behavior can be obtained in a nanocontact which 
only involves FM at one-side of the contact. In addition, instead of functioning merely 
as an on/off switch, the unique morphology and shape of the CNWs allows the 
nanocontact to respond almost linearly to an external field within a finite range, which 
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CHAPTER 7 CONCLUSION AND FUTURE WORK 
7.1 Conclusion 
In this work, the spin injection and transport enhancement in two-dimensional 
carbon materials including graphene and CNW have been investigated. By studying the 
electrical spin injection and accumulation process, it is found that the contact resistance 
plays a crucial role to overcome the conductance mismatch between metallic FM 
electrodes and semi-metallic graphene. Without a contact barrier, electrical spin already 
relaxes at the interface region. If the contact resistance is too high, other issues emerge 
such as the diminishing of local MR, high power consumption and limitation of high 
frequency operations. Therefore, a contact resistance with suitable barrier height is 
necessary. 
Due to the high resistance of oxide tunnel contacts (which are usually used to 
facilitate spin injection into graphene), we aimed to find an alternative to combine low 
resistance with high spin injection efficiency. Co (or NiFe)/graphene junctions 
incorporating a Cu interfacial layer have been intensively studied. Among a series of 
metals, Cu was chosen because of its suitable bonding nature with graphene and spin 
preserving properties. Until present, the outcome has been promising. The Cu/graphene 
contact was shown to be non-ohmic as opposed to a direct Co (or NiFe)/graphene 
contact. A contact potential barrier with a height of tens of meV is formed due to the 
interface dipole. This barrier is able to raise the contact resistance to similar values as 
the graphene channel under low bias conditions, which is essential for efficient spin 




MR measurements of graphene based spin valve devices were carried out with 
the aid of the Cu interfacial layer and it was observed that the spin injection efficiency 
could be enhanced. Through optimizing the Cu thickness, a maximum spin valve signal 
around 500 mΩ was measured for 2.5 nm thick Cu. By applying a RS-RCh correlation 
following a monotonically decreasing linear asymptotic form, the spin injection 
efficiency was extracted and ranges from 1.9% to 8.1% for different Cu thickness. 
When compared to PJ values in literature, it was found that the Cu/graphene spin valves 
in this work show significant improvement over devices based on conventional 
metal/graphene contacts. It is even comparable to some devices incorporating low-
impedance oxide tunnel contacts. On the other hand, the contact resistivities of our 
devices remain reasonably low as opposed to oxide tunnel contacts. The distinct 
advantage of our devices was demonstrated when calculating the cut-off frequency of 
a graphene based transistor. 
During the AMR measurements in this work, a peculiar small field MR peak was 
observed around zero magnetic field. This MR peak originates from the 
NiFe/Cu/graphene trilayer structure. Weak localization effects were used to explain it 
at first place, but it was proven to be insufficient since the extracted coherence lengths 
contradict with each other and do not tally with literature. Further reasoning in the 
context of Rashba induced spin splitting in graphene was proposed. Nevertheless, 
further experiments have to be carried out in order to verify this argument. 
Next, an attempt was made for measuring the theoretically predicted magnetic 
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moment at the edge of a graphene sheet. In an UHV environment, a Ni probe was 
brought in nano-contact with CNWs. When the nano-contact was subjected to an 
external magnetic field, a large MR-like feature was induced with clear hysteresis. 
Nevertheless, this MR cannot be attributed to the edge magnetic field of graphene. The 
origin lies rather in a magnetomechanical effect, in which the delicate contact between 
CNWs and the Ni tip is perturbed by the magnetic field. Although we have not 
succeeded in measuring the edge magnetic moment, this Ni-CNWs nanocontact system 
proved to be an interesting structure to form a magnetic sensor to probe the 
magnetization configuration of a FM and it is suitable for fast field switching 
applications up to 1 kHz. In addition, the magnetomechanical effect can explain the so-
called BMR arising from magnetic nanorestrictions reported in literature [1]. 
 
7.2 Future work 
Though our Cu/graphene contact based spin valves show promising spin injection 
results, one shortcoming in our work is the size of the electrode. The lithography 
process was carried out with a laserwriter. The advantage of such a system is the high 
throughput since it can combine graphene positioning and direct writing in one step. 
Nevertheless, the mediocre resolution limits the size of the electrode to 1 µm, which is 
wider than the current transfer length, i.e. the width of the crowding region of the 
current when it is injected from FM into graphene. Spin relaxation may happen in this 
region which leads to inaccurate estimation of the gap size between the spin current 
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injector and detector. The current density simulation in Section 4.3.2 also shows that a 
wide electrode induces more spin flips inside Cu, especially when the Cu layer is thick. 
Moreover, the large contact width does not favor the increase of contact resistance to 
alleviate conductance mismatch. It is obvious that a smaller feature size of the contact 
area is necessary to achieve higher spin injection efficiencies. 
There are two suggestions. First, we introduce a masking layer by an additional 
step of angle evaporation during metal deposition. That is, before the FM is evaporated, 
the substrate is tilted to a specific angle towards the source and an oxide material like 
MgO is evaporated. Due to the shadow effect of the resist height, only a part of the 
substrate is exposed to MgO deposition. Subsequently, the angular position of the 
substrate is returned to its normal state and the FM metal is deposited. In this way, the 
effective width of the contact is reduced since only a fraction of the electrode forms a 
FM/graphene contact, while the rest is masked out by MgO. The width of the 
FM/graphene contact can be conveniently calibrated by the angular position of the 
substrate during MgO deposition. This method of downsizing the contact has the 
advantage of preserving the convenient process of laserwriter lithography. However, 
due to the particle bouncing effect during oxide evaporation, the transition region from 
oxide to metal may not be sharp and some intermixing can occur, which leads to 
inaccuracy in the contact width. 
The second method is to switch from laserwriter lithography to electron-beam 
lithography (EBL). The EBL is capable of generating features as small as tens of nm, 
which is sufficient to significantly increase the contact resistance. Nevertheless, the 
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EBL process implements an additional step to pattern markers. This will expose the 
graphene to one more cycle of lithography and metal deposition process. The yield of 
successful devices will be lower, and more importantly, the chance of contaminating 
the graphene sheet becomes higher. 
If the contact width issue is solved, Hanle precession measurements of the 
complete cycle will be carried out. The current Hanle measurements are done with 
samples designed as non-local spin valves. Thus, the distance between the middle 
electrodes is too small for a complete electron precession cycle under perpendicular 
magnetic field conditions. In order to obtain the full cycle, samples with large injector-
detector spacing of different sizes are to be fabricated and emphasis should be taken on 
determining the relationship between spin lifetime/relaxation length and VG/T. This can 
give a more complete set of data to analyze the spin preserving properties of the 
Cu/graphene contact. 
To further investigate the origin of the MR peak discussed in Chapter 5, control 
experiments are planned. We suspect that this MR peak is related to spin dependent 
band splitting caused by Rashba effect when graphene is contacted with NiFe [2]. The 
intercalation of a thin Cu layer enhances this effect. Theoretically, a 
NiFe/Cu/graphene/NiFe structure is able to exhibit very large MR [3]. We plan to 
conduct X-ray diffraction and TEM imaging to our NiFe/Cu/graphene devices to see 
whether intercalation of Ni/Cu atoms into the graphene sheet occurs. Furthermore, 
samples without the NiFe layer will be fabricated to see whether or not the small field 
MR peak disappears. 
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NiFe/Cu/graphene/NiFe current-perpendicular-to-plane (CPP) devices are also 
planned. Trying to sandwich a mechanical exfoliated graphene sheet between two FM 
layers is challenging. Trials are made by depositing graphene onto a Co or NiFe coated 
substrate by exfoliation, but the substrate did not provide enough van der Waals force 
to retain the graphene. To overcome this problem, graphene solutions can be utilized. 
Such solution can be prepared by ultrasonication and centrifugation of natural graphite 
in N,N-dimethylformamide. The solution can be dropped onto the Co/NiFe coated 
substrate. After the graphene flakes are positioned, electrode patterning can be carried 
out. In this way, the graphene layer lies between two FM metals and current flowing 
perpendicularly through the graphene can be applied. Another way to realize such CPP 
structures is through growing graphene on Ni(111) substrates by cracking of C3H6 gas 
described by a recipe found in Ref. 4. The advantage of such a technique is that the 
thickness of graphene is strictly controlled to one layer due to self-terminating 
restrictions. The realization of this CPP structure can help to confirm whether graphene 
can become a perfect spin filter through Rashba effect and induce exceptionally high 
MR signals. 
Nevertheless, the fabrication of CPP structures is very challenging. Another 
approach to verify and make use of the Rashba spin split in graphene is to cover the 
channel region with an atomically thin Ni/Cu layer in our current lateral spin valve 
design. In such a way, the predicted spin splitting in the graphene channel could 
probably facilitate spin-dependent transport. However, initial experiments show no MR 
response after the channel has been subjected to a thin Cu layer deposition, probably 
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due to shunting effects. This may be overcome with an additional step of annealing 
procedure to form Cu islands on graphene instead of a continuous film. Besides Ni/Cu, 
EuO is also known to generate spin-dependent splitting in graphene due to exchange 
proximity effects [5], but unlike Ni/Cu, EuO is an insulator. Therefore, depositing EuO 
onto the channel region is also a choice. Another option is yttrium iron garnet (YIG). 
Ferrimagnetic YIG can be used as a substrate for the graphene spin valves. Its random 
magnetic moments can couple with graphene through proximity effects. Initial 
magnetic force microscopy analysis with graphene on YIG indeed shows a 
magnetization coupling between these two materials. Nevertheless, MR signals in 
















[1] W. F. Egelhoff, L. Gan, H. Ettedgui, Y. Kadmon, C. J. Powell, P. J. Chen, A. J. 
Shapiro, R. D. McMichael, J. J. Mallett, T. P. Moffat, M. D. Stiles, and E. B. Svedberg, 
J. Appl. Phys. 95, 7554 (2004). 
[2] A. Varykhalov, J. Sánchez-Barriga, A. M. Shikin, C. Biswas, E. Vescovo, A. Rybkin, 
D. Marchenko, and O. Rader, Phys Rev. Lett. 101, 157601 (2008). 
[3] V. M. Karpan, G. Giovannetti, P. A. Khomyakov, M. Talanana, A. A. Starikov, M. 
Zwierzycki, J. van den Brink, G. Brocks, and P. J. Kelly, Phys. Rev. Lett. 99, 176602 
(2007). 
[4] Y. S. Dedkov, A. M. Shikin, V. K. Adamchuk, S. L. Molodtsov, C. Laubschat, A. 
Bauer, and G. Kaindl, Phys. Rev. B 64, 035405 (2001). 




APPENDIX A: GENERAL SOLUTION FOR EQS. (2.16) TO (2.18) IN A 
HOMOGENEOUS MEDIUM 
In this appendix, the general solution for the spin-dependent electro-chemical 
potentials and current densities is derived. 
The general solution to Eqs. (2.16) to (2.18) are 
𝜇+ = 𝑄1 + 𝑄2𝑧 + 𝑄3 exp (
𝑧
𝜆
) + 𝑄4 exp (−
𝑧
𝜆
),             (A1) 
𝜇− = 𝑄1 + 𝑄2𝑧 − 𝑄3 exp (
𝑧
𝜆
) − 𝑄4 exp (−
𝑧
𝜆
).             (A2) 
where Q1,2,3,4 are constants to be determined. 





± = 2𝜌𝐹𝑀(1 ∓ 𝑝𝐹𝑀).⁡               (A3) 





± = 2𝜌𝑁𝑀.                   (A4) 
Thus, in a FM layer which is in spin up (+) configuration, it follows from (A1) and (A2) 
with the implementation of (A3) and (A4) that 
𝜇+ = 𝐾1 + (1 − 𝑝𝐹𝑀
2 )𝑒𝜌𝐹𝑀𝐽𝑧 + (1 + 𝑝𝐹𝑀) [𝐾2 exp (
𝑧
𝜆𝐹𝑀




𝜇− = 𝐾1 + (1 − 𝑝𝐹𝑀
2 )𝑒𝜌𝐹𝑀𝐽𝑧 − (1 − 𝑝𝐹𝑀) [𝐾2 exp (
𝑧
𝜆𝐹𝑀



































For a FM layer with spin down (-) configuration, the solution is similar as above. The 
only change to be made is to interchange the positive and negative indices. 
For the NM layer, we have 
𝜇+ = 𝐾1 + 𝑒𝜌𝑁𝑀𝐽𝑧 + [𝐾2 exp (
𝑧
𝜆𝑁𝑀




𝜇− = 𝐾1 + 𝑒𝜌𝑁𝑀𝐽𝑧 − [𝐾2 exp (
𝑧
𝜆𝑁𝑀


















APPENDIX B: DERIVATION OF THE MONOTONICALLY DECREASING 
LINEAR ASYMPTOTIC FORM IN EQ. (4.4) 
In this appendix, the detailed mathematical procedure to deduce the correlation 
between RS and RCh in Eq. (4.4) is presented 
As stated in chapter 5.2, the three conditions for Eq. (4.4) to hold are: 
RCi ≫ RFM ,                                        (B1) 
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where O(x) is the order of infinitesimal with respect of x.  
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APPENDIX C: DETAILS ON ESTIMATION OF PJ FROM LITERATURE 
 
In Fig. 4.12 (a) of Chapter 4 the comparison between the spin injection efficiency 
PJ and contact resistivity ρC of our work and those from literature is shown. Some of 
the PJ data from literature are explicitly stated in their manuscripts, while some involve 
calculation according to Eq. (4.2) using parameters provided by the author. In this table, 
we summarize the data collected to help us calculate the respective PJ. 
 
Table C1 A list of parameters used to calculate the spin injection efficiency PJ provided 
by the author in their respective manuscript. RS is the spin valve signal, W is the width 
of the graphene sheet, σ is the conductance of the graphene, L is the spacing between 
the injector and detector, and λG is the graphene spin relaxation length. 
RS (Ω) W (µm) σ (mS) L (µm) λG (µm) PJ Reference 
     Explicitly 
stated 1.3% 
W. Han et al., Appl. Phys. 
Lett. 94, 222109 (2009) 
     Explicitly 
stated 10% 
N. Tombros et al., Nature 448, 
571 (2007) 
     Explicitly 
stated 18% 
C. Józsa et al.,, Phys. Rev. B 
79, 081402R (2009) 
     Explicitly 
stated 30% 
W. Han et al., Phys. Rev. Lett. 
105, 167202 (2010) 
     Explicitly 
stated 5-20% 
M. Popinciuc et al., Phys. Rev. 
B 80, 214427 (2009) 
     Explicitly 
stated 6.5% 
T. P. Liu et al., Appl. Phys. 
Lett. 102, 033105 (2013) 
     Explicitly 
stated 9% 
I. J. Vara-Marun et al., Nat. 
Phys. 8, 313 (2012) 
0.006 16 1.42 0.25 1.5 1.48% M. Ohishi et al., Jpn. J. Appl. 
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